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I.  INTRODUCTION 

Chemiluminescence  is  one  of  the  least  studied  aspeots  of  lumi¬ 
nescence.  "There  oan  be  no  doubt,"  wrote  S.  I.  Vavilov  in  1932,  "that 
the  excitation  of  moleoules  or  atoms,  whioh  is  accompanied  by  ohemilumi- 
nesoence  occurs  as  a  result  of  tho  ohemioal  energy  released,  however  in 
no  case  is  the  mechanism  of  exoitation  in  chemiluminescence  precisely 
known.”  jjjbf 

Has  the  situation  changed  since  the  time  when  these  words  were 
written?  For  the  past  20-30  years,  thanks  to  the  works  of  V.  N. 
Kondrat'yev,  A.  N.  Terenin,  M.  Polyani,  and  others  great  advances  were 
made  in  the  study  of  ohemiluminonoenoe  in  gaseous  reactions*).  In  liquid- 
phase  reactions  the  luminesoenoo  mechanism  has  been  investigated  consider¬ 
ably  less.  However,  interest  in  this  phenomenon  has  grown  considerably 
reoently  due  to  the  fact  that  weak  luminescence  was  discovered  in  various 
biologioal  and  ohemioal  systems. 

The  purpose  of  the  present  work  is  to  give  a  synopsis  of  the 
present  oondition  of  research  of  the  meohanism  of  ohemiluminesoenoe  and 
to  disoues  future  developments  in  thiB  field  of  physioal  chemistry.  The 


*)  Investigation  of  the  luminescence  of  gaseous  reactions,  par¬ 
ticularly  ignition,  is  a  vast  field  of  physioal  ohemistry  with  olearly 
defined  basio  prinoipletrioh  in  experimental  material  and  with  usefully 
important  applications  /}2,  49,  5°,  11J^»  An  examination  of  the  gaseous 
phase  of  ohemiluminesoenoe  goes  beyond  the  soope  of  this  review,  but  ws 
shall  refer  to  examples  from  this  field  in  order  to  explain  a  series  of 
principal  peculiarities  of  ohemiluminesoenoe. 


1 


T". 


synopsis  is  oonoerned  with  liquid-phase  systems,  but  the  other  aspects 
of  oheailuainesoenoe  are  briefly  touohed  upon  in  it.  ^ 

1.  General  Mechanism  of  the  Phenomenon 


Chemiluminesoenoe  appears  as  superbalanoed  radiation,  the  intensi¬ 
ty  of  vhioh  azoeeds  the  intensity  of  thermal  radiation.  Deviation  from 
equilibrium  is  eaused  by  oheaioal  reaotion. 

The  oheailuainesoenoe  prooess  nay  be  separated  into  two  stages t 

1)  The  sxoitation  stage  —  the  formation  in  oheaioal  reaotion  of 
abundant  energy  of  partioles  (produots  of  the  reaotion  P)  in  suoh  state 
(P*)  froa  vhioh  a  radiation  shift  is  possible* 

reaotion 

A  +  B  +  ii  ■  ™  p#  +  K  +  H  +  ... 

Initial  excited 

ingredients  produot 

2)  The  luminescence  stage* 
lumineaoenoe 

P*  - >-  p  +  hv  . 

P 

Experimentally  determined  values  —  intensity  of  luminescence  and 
speed  of  reaotion  —  are  connected  with  the  equation 

here  the  speed  of  reaotion  w  is  the  number  of  molecules  of  the  produot 
formed  in  unit  time  in  a  unit  volume}  the  quantum  yield  of  ezoitation 

is  the  ratio  of  the  number  of  excited  molecules  of  the 

produot  to  the  overall  number  of  moleoules  formed}  the  quantum  yield 
of  lumineaoenoe  is  the  ratio  of  the  number  of  moleoules  P*,  which 

give  off  energy  in  the  form  of  radiation  to  the  overall  number  of  ex¬ 
cited  moleoules*  the  intensity  of  ohemiluminesoenoe  I  is  the  number  of 
photons  vhioh  radiate  from  unit  volume  of  the  reacting  mixture  for  unit 
time. 


_exoited 

% 


The  overall  yield  of  ohemiluminesoenoe  **1^^  ■  'typ^p  for 
various  reaotlons  differs  over  a  vide  range*  from  several  per  cent  (for 
a  small  number  of  reaotlons)  up  to  10“®—  10”*®  ^  even  10“*^. 

Low  yields  of  ohemiluminesoenoe  are  not  surprising  and  they  oan 
be  understood  if  the  peculiarities  of  radiation  are  considered  in  their 
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overall  aspe  t 


Chemiluminescence  is  an  unbalanced  process.  Deactiviation  of 
abundant  surplus  energy  from  the  products  of  reaotion  proceeds  intensive¬ 
ly  in  the  zone  of  chemical  reaction.  The  reverse  process  —  the  accumu¬ 
lation  of  the  enerby  of  several  olomentary  events  in  one  partiole  — 
appears  as  a  scarcely  probable  occurrence  (especially  in  the  liquid 
phase).  Energy  numerically  equal  to  the  sum  of  the  thermal  effect  and 
the  energy  of  activiation  of  the  reaotion  may  be  converted  into  exoitation 
(Figure  1);  therefore  ohemiluminoscenoe  should  be  observed  in  that 
spectrum  range  vhioh  corresponds  to  the  energy  of  exoitation  or  longer 
wave  lengths. 

Limitations,  dictated  by  the  lav  of  conservation  of  energy,  are 
not  unique  for  chemiluminescence  reactions.  The  lav  of  conservation  of 
the  multiplicity  of  a  system  (Wigner's  Lav)  must  be  observed  in  elementary 
chemical  reactions  vhich  may  bo  formulated  by  the  folloving  example i  if 
the  initial  and  final  conditions  of  the  system  do  not  have  identical 
values  of  the  total  spin  quantum  number,  the  exchanges  between  such  con¬ 
ditions  must  be  extremely  improbable;  other  elementary  processes  for 
which^  in  the  initial  and  final  states,  the  resulting  spins  are  identi¬ 
cal  /50, lltf,  A  change  in  total  spin  may  be  one  of  the  reasons  for  lov 
emission  of  ohemiluminesoenoe. 

Another  reason  may  be  the  flow  of  processes  vhioh  are  competing 
with  the  luminescence  of  excited  molecules 1  deactivation  by  suppressors, 
transfer  of  energy  and  internal  uoaetivation.  These  processes  make 
possible  the  establishment  of  equilibrium  vith  the  surrounding  medium. 

It  is  true  that  equilibrium  is  not  identically  rapid  for  all  Btates  of 
freedom.  In  the  general  case,  electron  and  circulation  temperatures 
appear  to  vary  and  exceed  the  temperature  of  the  experiment  although, 
for  eaoh  aspect  of  movement,  there  may  be  a  Bol'tsmanovskly  distribution. 

These  peculiarities  of  ohomiluminesoenoe  are  manifested  particu¬ 
larly  olearly  in  gaseous  phase  reactions.  For  instance,  in  the  axo- 
thermio  reactions 

H  +  Cl2 - HC1  +  Cl, 

H  +  N0C1 - HC1  +  NO 

infra-red  ohemiluminesoenoe  is  obnorved  vhioh  corresponds  to  shifts  in 
the  osoillating  levels  of  HC1.  The  distribution  of  HC1  by  levels  of  the 
basio  eleotron  state  was  a  Bol' tsmonovakiy  one  at  a  pressure  of  0.2  mm 
standard  mercury  /;>27»  however  at  10-zmm  of  standard  mercury  a  daoidad 
non-Bol'tsmanovakiy  distribution  was  observed  •  It  is  apparent  that 
various  oscillating  states  are  created  vith  a  correspondingly  different 
speed  vhioh  inoreasea  vith  a  drop  in  level.  Collisions  equalise  distri¬ 
bution  and  make  it  a  Bol'tsmanovskly  one.  The  experimental  fact,  vhioh 
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Figure  1,  Diagram  of  the  origin  of  luminescence  in  an  oxothermio 
reaction. 

Eevent  io  ^e  Activation  energy;  q  is  the  thermal  effeot. 

Keys  1.  Possible  energy  states  of  products;  2.  Activated 
complex;  3.  Initial  reagents;  4.  E  .;  5»  Energy;  6.  Radiation; 

7.  Reaction  coordinate ;  8.  Products. 

is  explained  by  this  is  very  curious  at  first  glanoes  at  a  high  pressure 
such  higher  oscillating  levels  (up  to  v  •  9)  are  present  than  at  a  low 

pressure  (only  up  to  v  -  4)> 

In  the  example  shown  the  change  in  OBOillating  energy  due  to 
oollisions  proceeds  more  rapidly  than  conversion  of  osoillating  energy 
into  progressive  and  circulating.  Therefore  the  overall  supply  of 
osoillating  energy  hardly  decreases  during  the  lifetime  of  the  exoited 
state,  and  at  a  pressure  of  0.2  win  of  standard  merouxy  the  osoillating 
temperature  turns  out  to  be  2700°];;  the  intensity  of  ohemiluminesoenoe 
correspondingly  exoeeds  equilibrium. 

In  the  liquid  phase,  due  to  the  great  frequency  of  collisions, 
the  osoillation  exoitation  is  very  quiokly  dissipated  and  the  oiroulating 
structure  is  absent.  Probably,  therefore  namely  oases  of  purely  osoil¬ 
lation  shifts  in  the  presence  of  ohemiluminesoenoe  in  solutions  were 
unknown  before  when  speotra  of  ohemiluminesoenoe  were  obtained  and  in¬ 
terpreted  and  they  appeared  as  electron  speotra  of  emissions  of  reaction 
products  (see  below).  j 

I 

Thus,  ohemiluminesoenoe  appears  to  be  a  fairly  oomplioated 

/ 

/ 
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phenomenon  which  is  determined,  on  the  one  hand,  by  the  kinetios  and 
meohanios  of  a  ohemieal  reaction,  and  on  the  other,  by  luminescences  and 
secondary  physical  processes  in  which  excited  molecules  take  part. 

These  questions  are,  respectively,  subjeots  of  researoh  in  ohem- 
ioal  kinetios  and  the  study  of  luminesoenoe.  Besides  that,  in  order 
to  study  the  rules  of  ohemiluminouoenoe  vhiob  is  often  very  weak  it  ie 
neoeesary  to  employ  sensitive  light-measuring  apparatus. 

2.  Brief  Historical  Outline 


Chemioal  kinetios  and  the  Gtudy  of  luminescence  is  a  young 
science  which  was  developed  in  the  seoond  quarter  of  the  XX  century. 

The  same  may  be  said  of  light-measuring  techniques >  it  was  literally 
in  the  last  decade  that  convenient  and  sensitive  deteotors  and  recording 
circuits  were  developed. 

It  is  therefore  not  surprising  that  essential  progress  in  the 
study  of  the  phenomenon  was  realized  only  in  reoent  times,  although  the 
research  of  chemiluminescence  has  a  history  going  back  many  oenturies, 
on  whioh  we  shall  pause  briefly  (See  also  works  2^3 »  lCg/). 

Chemiluminescence  in  living  nature,  or  bioluminesoenoe  (the  gloi*. 
ing  of  fish,  worms,  insects,  mollusks,  mushrooms  and  rotting  wood)  held 
the  attention  of  the  scientists  of  the  ancient  world.  The  first  refers 
ences  to  bioluminesoenoe  are  encountered  in  the  works  of  Aristotle,  and 
in  greater  detail  in  the  descriptions  of  Pliny. 

Medieval  scientists  were  greatly  interested  in  bioluminesoenoe . 
Strange  as  it  may  seem,  they  were  pursuing  orudely  practical  goalB  — 
to  develop  sources  of  light  to  light  streets,  ships  and  especially 
powder  magazines  (explosion-proof  l) •  They  also  tried  ways  of  preserving 
living  organisms  in  order  that  they  oould  cause  them  to  glow  once  more 
at  any  moment.  They,  naturally  were  unsuccessful  in  these  attempts. 

Robert  Boyle  was  the  first  to  develop  a  soientifio  approach  to 
the  phenomenon  in  modern  times.  He  first  established  the  faot  of  the 
stimulating  effect  of  oxygen  on  ohemiluminesoenoe  and  came  olose  to  the 
notion  of  bioluminesoenoe  as  a  phenomenon  that  aooompanied  the  prooess 
of  slow  oxidation.  Boyle  also  investigated  the  glowing  of  phosphorus 
in  detail.  This  researoh  must  be  considered  the  first  work  on  chemi¬ 
luminescence  itself  —  before  that  they  studied  only  the  glowing  of 
living  organisms  or  preparations  obtained  from  them. 

In  the  XVIII  and  XIX  centuries  many  scientists  were  occupied  in 
the  researoh  of  ohemiluminesoenoe  at  one  or  another  stage,  inoludlng 
Recmur,  Lavy,  Pel'tio,  Beoquerel,  V.  V.  Petrov,  Dewar,  and  at  the 
beginning  of  the  XX  oentury  —  Trauts,  P.  P.  Shoxygin,  Harvey  and 
Lommel'. 
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By  the  third  deoade  of  tho  XX  century  a  significant  number  of 
substances  were  already  well-known  which  were  able  to  give  off  compara¬ 
tively  intense  glow  in  definite  reactions,  principally  oxidation  reac¬ 
tions  with  strong  oxidizers,  as  wall  as  oxygen.  The  high  intensity  of 
luminescence  in  these  reaotions  were  either  connected  with  the  high 
speed  of  the  prooesses  or  with  a  high  yield.  Obviously,  these  condi¬ 
tions  were  not  fulfilled  in  reactions  proceeding  at  moderate  temperatures 
(low  speeds)  forming  produots  incapable  of  effectively  glowing  (low 
yields).  One  may  expect,  therefore,  that  many  reaotions  will  be  ao- 
oompanied  not  by  intense,  but  slightly  intense  ohemiluminesoenoes. 

The  question  of  the  broad  extent  of  ohemiluminesoenoe  has  arisen 
eaoh  time  new  experimental  capabilities  have  appeared.  At  the  beginning 
of  the  XX  oentuzy  Trautz  and  Sbozygin  /l51,  1  52/  published  voluminous 
research  in  whioh  a  great  quantity  of  reaotions  of  inorganio  and  organio 
compounds  were  enumerated,  vhioh  were  accompanied  by  ohemiluminesoenoes) 
luminescence  was  observed  by  the  adapted  eye.  After  a  while,  a  photo¬ 
graphic  method  *)  was  introduced  into  the  praotioe  of  researching 
ohemiluminesoenoe,  however  it  was  employed  on  reaotions  with  more  or 
less  Intense  luminesoenoe. 

New  confirmation  of  the  broad  extent  of  ohemiluminesoenoe  was 
obtained  in  the  works  of  Bene  Audubert  and  his  oolleagues  /55»  80,  8l/ 
who,  with  the  aid  of  Geiger-IIueller  counters,  discovered  an  unusually 
weak  ultra-violet  emission  from  many  reaotions. 

Toward  the  end  of  the  Thirtiea  Audubert  finished  research  on 
ohemiluminesoenoe.  One  of  his  last  works  in  ohemiluminesoenoe  was 
olosed  with  the  words t  "In  the  present  situation  of  an  unusually  un¬ 
favorable  and  difficult  method  in  terms  of  teohnique  it  is  not  suin- 
prising  that  the  results  obtained,  for  the  present,  are  not  vexy  great. 
But  advances  in  the  teohnique  of  photoelectie  counters  will  give, 
it  must  be  hoped,  possibilities  to  widely  used  the  method  whioh  has 
already  led  to  so  many  interesting  results.” 

In  recent  years  photoeleotron  amplifiers  have  become  more  widely 
available.  Their  application  has  made  it  immediately  possible  to  dis¬ 
cover  luminesoenoe  in  many  obemioal  reaotions.  These  works  were  begun 
in  1958  in  the  Institute  of  Physical  Chemistry  of  the  Academy  of  Scien¬ 
ces  of  the  USSR  £77  and  in  1960-1962  in  Canada  £106/,  Sweden  /76/, 
the  United  States  £7jj/,  and  the  Federal  Republio  of  Germany  £142/ . 

Luminesoenoe  in  the  visible  range  of  the  speotrum  was  registered 
in  the  following  react ionai 

1)  the  formation  of  hydrocarbons  £o_/| 

One  of  the  first  to  use  the  photographic  method  was  A.  A.  Greenberg 
who  investigated  the  oxidation  of  pyrogallol. 


2)  thermal  decomposition  of  peroxides,  hydroperoxides  and  az»* 

compounds  in  solutions  /  1_J >  ,  - 

3)  thormal  decomposition  and  oxidation  in  the  gaseous  phase  of 
peroxides«  hydroperoxides,  alkyl  iodides,  alkyl  nitrites,  nitrio  aoid, 
nitromothane,  aoetaldeyde  /lO,  1\J  and  ethyl  hyponitrite  /iQSJi 

4)  electrolysis  of  ethanol,  acetic  aoid,  potassium  acetate 
/To,  7i7,  sodium  salts  of  acetic,  propionic,  citrio  and  tartario  aside, 
Grignard  reagents,  amino  aoids  and  a  number  of  other  organio  compounds 


/767; 


5)  oxidation  tar  oxygen  of  hydrocarbons  and  other  organio  oompouade 
in  solutions  /ll,  4%/f 

6)  condensation  of  chlornnhydrides  of  aoids  with  amines,  poly- 
condensation  (reaction  yielding  nylon) 

oxidation  destruction  of  polypropylene  and  other  polymers 


Z79,  134 }i 


)  oxidation  of  urea  by  cynohalidea  /142/7,  and  others. 


Thus,  ohemiluminesoenoe  was  discovered  in  a  great  number  of  re¬ 
actions  of  the  most  varied  olassos  and  types.  Inasmuch  as  luminesoenoe 
was  observed  also  in  the  most  important  industrial  reactions  (oxidation, 
decomposition  and  poly-oondensation)  it  is  possible  in  prinoiple,  on  the 
basis  of  photoeleotrio  measurement  6f  ohemiluminesoenoe, to  oreate  a 
method  of  oonstant  automatio  control  and  regulation  of  technical  chem¬ 
ical  processes  [j2j . 

II.  THE  CHELI ILUT. I1IE3CENCE  MECHANISM 
3.  Oxidation  of  Luminol  and  Rolatod  Compounds 

The  intense  glow  of  luminol  was  first  observed  by  Albreoht  /Jj/ 
in  1928. 


Chemiluminescence  of  luminol  and  related  compounds  had  been 
studied,  as  a  rule,  in  a  complex  mixture  wbioh  consisted  of  water  (the 
solvent),  potassium  and  sodium  hydroxide,  hydrogen  peroxide,  a  hydrazide 
and  an  "activating  agent"  of  a  strong  oxidizer  of  the  sodium  hypo* 
chlorite  type,  or  potassium  ferricyanide,  or  even  a  metal  having  an  al¬ 
ternative  valence  /]>2f 

The  group  that  is  capable  of  reacting  is  diaoylhydrazine 
-O-NH-NH-O-.  Substitutions  in  positions  3  and  4  are  not  touched 
by  the  reaction;  they  generally  influence  the  stage  of  radiation  in  whioh 
on  approximately  identical  reaotion  capability  is  evident  (speed  of  ox¬ 
idation)  for  hydrazides,  and  are  even  sharply  separated  aooording  to 
luminescent  intensity  /57b,  96,  15§7* 

Luminescence  is  reinforoed  with  addition  to  the  system  of  sub- 
stanoes  that  deoompose  into  free  rodioals  ( initiators On  the 
other  hand,  the  introduction  of  compounds  whioh  intercept  the  radioale 
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( inhibitors ),  wakens  ohemilumino  sconce  /5l,  141,  149,  1527.  ^ese 
foots  are  treated  as  indications  of  the  participation  of  free  radicals 
in  the  reaction.  From  this  point  of  view,  the  catalyzer  necessary  for 
luminescence  aids  the  decomposition  of  hydrogen  peroxide,  or  oven  any 
other  intermediate  reagent,  into  radicals.  A.  K.  Babko  /I,  2 Jf  using 
a  physical  oheoioal  a-alysi.-  method,  has  shown  that  luminol  forms  com¬ 
plexes  with  atalysers  Chopper  salts),  which  are  aotlve  components  of 
the  excitation  prooess,  because  they  emit  a  fairly  brighter  light  on 
reaction  with  HgOg  than  luminol  itself.  Besides,  oopper  serves  as  an 

unusual  oatalyserj  taking  part  one  time  in  the  oxidation  prooess  it 
leaves  the  sphere  of  reaotion  (possibly  joining  in  a  complex  with  oxi¬ 
dation  products).  The  study  of  chemiluminesoenoe  is  made  extremely  dif¬ 
ficult  by  the  complexity  and  intrioaoy  of  the  chemical  mechanism. 

Just  the  same,  important  data on  the  luminesoenoe  mechanism  of 
luminol  have  been  obtained  in  most  reoent  years. 

Salinger  £liB 7,  onoe  more  has  carried  out  oareful  comparisons  of 
yields  of  chemiluminesoenoe  and  fluoresoenoe  spectra  for  individual  com¬ 
ponents  of  the  system.  He  has  obtained  the  following  results* 

1.  The  maximum  ohemiluminesoenoe  yield  (at  a  pH  of  11)  is  0.02 
photons  per  oxidised  molecule  of  luminol. 

2.  The  ohemiluminesoenoe  yield  depends  on  pH  just  like  the  fluo¬ 
rescence  yield  in  luminol. 


Figure  2.  Speotrum  of  luminol  ohemiluminesoenoe  in  an  alkaline 
medium  (l)  and  the  speotra  of  luminol  fluoresoenoe  in  an  aoid  medium  (2) 
and  of  eminophthalio  aoid  in  an  alkaline  medium  (3). 

/ 

Key*  1.  Relative  intensity}  2.  in  millimicrons. 
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3«  The  fluorecoenee  spectrum  of  the  aoid  is  identioal  to  the 
chemiluminescence  spectrum.  Thn  luminol  fluorescence  spectrum  also 
agrees  with  the  chemiluminescence  opeotrum  (Figure  2)* 

These  and  a  series  of  othor  results  point  out  the  faot  that  amino- 
phthalio  aoid  serves  as  a  chemi luminescence  emitter. 

Hot  long  ago,  White  /l54-15§7  pointed  out  that,  in  strongly 
polarized  and  weakly  acid  solutions  (for  instance,  di-methyl  sulfoxide 
and  di-methyl  foimanide),  only  luminol,  oxygen  and  a  base  are  necessary 
for  luminescence.  The  intensity  of  di-methyl  sulfoxide  is  significantly 
higher  than  in  water  (quantum  yield  0.1).  The  comparative  simplioity 
of  the  chemical  system  has  made  it  possible  to  investigate  the  mechanism 
of  reaction  and  luminesoenoe.  nitrogen  and  the  aminophthalate-ion  (up  to 
90$)  were  found  in  the  products.  Apparently  the  latter  is  also  a  pro¬ 
duct  of  the  state  in  whioh  energy  is  released  and  excitation  ooours*  On 
the  whole,  the  mechanism  of  luminol  ohemi luminesoenoe  can  be  represented 
by  the  following  diagram,  according  to  Whites 


Still  another  possible  path  of  the  reaction  is  shown  by  the  dotted  line 
—  through  an  intermediate  ion  of  hydrogen  peroxide.  The  energy  effect 
of  the  reaction  is  approximately  90  large  oalories/mol.  Basioaliy, 
exothermy  is  involved  in  the  formation  of  nitrogen  molecules  and  there¬ 
fore,  the  emitter  is  excited  faster  than  ever  in  the  state  where  nitrogen 
i3  formed.  From  this  point  of  view,  it  is  very  probable  that  the  exoi- 
tation  in  the  reaction  is  precisely  the  phthalate-ion. 

The  descriptions  of  Seligor  and  White  were  oonfixmed  not  long 
ago  in  the  study  of  luminol  ohemilumineBoenoe  stimulated  by  electrolysis 
/114/. 

As  yet,  other  olearly  luminescent  reactions  have  been  studied 
considerably  less  than  the  oxidation  of  luminol* 

The  following  is  oonsidered  to  be  the  most  probable  diagram  in 
the  oxidation  of  luoygenine  /l^/t 
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other 

produots  +  hv‘ 


A.  V.  Koryakin  £4 §J  has  shown  that  the  chemiluminesoenoe  speotra  for 
■  luoygenine  and  several  of  its  analogs  agree  with  their  phosphorescence 
speotra  and,  consequently,  triplet  states  of  moleoules  may  he  excited. 

High  intensity  during  the  oxidation  of  Grignard  reagents  is  con¬ 
nected  solely  to  the  great  speed  of  reaotion}  the  luminesoenoe  yield  is 
•  ^ 

lower  and  is  approximately  10  photons  per  molecule*  The  reaotion  pro- 

oeeds  at  a  uniform  rate  from  +  17  to  -40°C  and  it  is  possible  to  de¬ 
termine  the  speed  of  diffusion  of  0g  /?37»  In  general,  the  ohemilumine- 

senoe  diagram  may  be  given  in  the  folloidng  form  i 


other 

produots 


lophine 

For  ohemiluminesoenoe  in  the  oxidation  of  lophine  (2,  4,  5-tri- 
phenylimide  azole)  by  hydrogen  peroxide  diagram  ^154/  is  given 


+  02 


KOH 

H20 


CsH5C02H 


+  nh3  +  other 
produots 


+  hv . 


lophine 

However,  not  long  ago,  the  application  of  EPS  (Elektronnyy  Paramagnitnyy 
Rezonans;  Electron  Paramagnetic  Resonance)  in  speotrosoopio  methods  and 
the  discovery  of  nitroso  compounds  has  shown  that,  in  the  reaotion,  a 
free  radioal  of  2,  4,  5-tri-phenylimidazyl  is  formed  /1O4/ 1 


C»Hj 


C,H, 


N.' 


y~  c«Hi 
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Analogous  data  vcro  obtained  for  the  chemiluminescence  of  2,  3*  4,  ^ 
tetra-phenylpyrrole,  a  cubotanco  similar  to  lophine  /lC 'Aj  in  otruoturo. 

It  i3  possible  that  peroxide  reactions  are  responsible  for  luminescence 
in  these  reactions,  products  of  tho  interaction  of  radicals  with  oxygen. 
In  a  sample  of  14  derivatives  of  lophine  a  clear  connection  has  been 
demonstrated  of  chemiluminescence  with  chemioal  aotivity  of  the  com¬ 
pounds:  the  logarithm  of  comparative  intensity  is  linearly  oonneoted  with 
the  Khammet  sigma-parameter  which  characterizes  its  reaotion  capability 
/1267. 


Chemi luminesoenoe  during  oxidation  by  hydrogen  peroxide  in  an 
alkaline  solution  of  pyrogallol  Cgll^OH)^  was  concentrated  in  a  narrow 

band  of  630  millimicrons  Apparently  this  is  radiation  from  a 

complex  of  two  molecules  of  02  in  >Ag  states  (See  Artiole  6).  Chemi¬ 
luminescence  of  pyrogallol  is  reinforoed  by  the  fermenting  of  peroxidase 

Z1237. 


A  bluish-white  chemiluminescence  aooompanies  the  oxidation  of 
oxalyl  chloride  by  hydrogen  peroxide  [§\J : 

C1C0C0C1  +  HgOg  ■  >■  HC1  +  H02C0C0C1  2HC1  +  2C0  +  Og. 

The  thermal  effect  of  the  reaction  (70  large  calories  per  mole)  is  suf¬ 
ficient  for  the  emergence  of  luminescence  in  the  visible  region,  however 
none  of  the  products  have  adequate  excitation  levels.  It  is  possible 
that  a  third  particle  is  an  emitter  to  whioh  energy  is  transferred}  for 
instance,  non- reacted  oxalyl  chloride  may  be  suoh  a  particle. 

4.  Thermal  Decomposition 

In  1958  luminescence  was  discovered  in  the  deoompositionQof  per¬ 
oxides,  hydroperoxides  and  azo-compounds  in  solutions  at  5°-100  C  £7_/« 

Chemiluminescence  was  extremely  weak  and  a  highly  sensitive 
photometric  apparatus  was  assembled  to  measure  it  /~9  /.  Further  im¬ 
provement  in  method  led  to  the  building  of  apparatus  [2]>J  (Figure  3 ) 
which  is  also  used  in  investigating  hydrocarbon  oxidation  reactions 
(See  Artiole  5* )• 

Reaction  occurs  in  vessel  C  whioh  is  warmed  by  water  from  the 
thermostat.  The  light  from  luminesoenoe,  passing  through  a  light  guide 
(polished  glass  or  quartz  blocks)  SP,  falls  on  the  photoamplifier  HTSU^. 
The  photoourrent  is  reinforced  and  reoorded  on  a  self-reoorder.  In 
recording  the  luminesoenoe  spectrum  the  light  goes  through  a  powerful 
light  spectrometer  and  is  focused  by  a  condensing  lens  KL  and  the  light 
guide  SP  on  the  photooathode  of  the  photoamplifier  FEUg.  Soannlng  is 
accomplished  by  tho  rotation  of  a  defraotion  grating,  Speotrs  of 
photoluminesoenoe  may  also  be  reoorded  on  the  apparatus.  For  this. 
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Figure  3.  Diagram  of  apparatus  for  investigating  obemiluminesoenoe. 

Kays  1.  Light— powered  spectrometer}  2.  Light-tight  chamber}  3.  Eleotro- 
metric  amplifier,  EtiU-3 }  4.  Self- recorder,  EPF-09}  5«  High-voltage 
rectifier,  VS-22}  6.  Thermostat. 

the  vessel  C  is  lit  up  hy  a  mercury  lamp  L  through  a  light  fiter  0.  In 
the  spectrometer  /lj/  a  replica  is  used  of  a  defraotion  grating  150  z 

140  mm^  in  size  which  has  6 00  lines  per  mm.  The  focal  length  of  the 
objective,  a  spherical  reflector,  is  300  mm,  oandlepover  is  1»1.5, 
height  of  slits  is  70  on.  Hue  to  the  curved  slits  the  spectrometer  re¬ 
solves,  with  0.5  mm  slits  (spectral  width  of  slit  1  millimicron),  lines 
spaced  two  millimicrons  apart.  The  high  sensitivity  of  Jhe  photoamplifier 
is  attained  hy  its  separation  and  cooling  to  minus  50-60  C.  Sensitivity 
to  total  radiation  (without  decomposition  in  the  speotrum)  is  5°  photons 
per  second  on  the  surface  of  the  photooathode  at  a  fixed  time  for  the 
amplifier  of  20-30  seconds  under  the  most  favorable  conditions. 

In  thermal  decomposition  ohemiluminesoenoe  is  concentrated  in  the 
blue  region  of  the  speotrum.  Luminesoenoe  intensity  is  proportional  to 
the  concentration  of  the  decomposed  substanoe  and  grows  with  temperature 
aooordlng  to  the  law 


I  r*  exp  ( 


(2) 
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(Figure  4)  wherein  the  paramotor  •'  a, 'trees  with  the  aotivation  energy  of 
decomposition  of  the  oompounds  investigated  10,  7^7*  These 
peculiarities  point  out  tho  fact  that  exoitation  occurs  during  the  re¬ 
combination  of  radicals.  Actually,  the  first  event  in  decomposition  of 
peroxides,  hydroperoxides  and  azo  compounds  is  the  breaking  of  the  bonds. 

The  radicals  that  are  fomc<i  in  this  way  may  enter  into  further 
reaction  producing  new  products  and  new  radicals.  At  the  same  time,  new 
collisions  of  radicals  are  inescapable  and  lead  to  reoombination.  In 
these  processes  considerable  energy  is  given  off  (90-120  large  oalories 
per  mole)  equivalent  to  quanta  from  the  visible  region  of  the  speotrum. 


On  the  strength  of  the  fixed  state  (radioals  do  not  aoouaulate) 
the  destruction  speed  of  radicals,  w^^,  is  equal  to  the  speed  of  their 
formation  w^  t 


rek 


(3) 


Radioals  appear  in  the  thermal  decomposition  of  a  substanoe  T  with 
a  speed  of 


*i  •  2‘kVv-7’  <4> 

whore  kQ  is  the  speed  constant  of  decomposition,  is  the  effective¬ 
ness,  taking  into  account  the  possibility  of  reverse  reoombination,  just 
as  radioals  are  formed  ("exit  coefficient  from  a  cell"),  the  factor  2 
reflects  the  fact  that  from  the  decomposition  of  one  molecule  two  radi¬ 
cals  are  obtained.  Inasmuch  as  exoitation  ooours  during  the  recombina¬ 
tion  of  radioals,  the  intensity  of  ohemiluminesoenoe  is  proportional  to 
the  speed  of  this  process  (See  Formula  (l))t 

1  •  •WW  <5> 

From  equations  (3 )-(5)  it  follows  that  the  intensity  is  pro¬ 
portional  /"y_7: 

1  •  2W>ak<A7-  (so 

Further,  the  constant  kQ  may  be  written  in  the  form  of  a  product 

of  the  pre-exponent  &Q  and  the  exponent  exp(-E/RT).  Whence  immediately 

follows  a  temperature  relationship  of  ohemiluminesoenoe  intensity 
(Formula  (2)). 

After  excluding  the  reoombination  of  radioals  in  thermal  decompo¬ 
sition,  there  are  no  elementary  events  in  whioh  sufficient  portions  of 
energy  would  be  Isolated.  It  is  true  that  the  overall  quantum  yield  of 
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oheniluminescenoe  is  very  low,  no  highor  than  10  -  l(f  A  and  the 

question  naturally  arises i  Is  not  luainescenoe  conneoted  vith  the  flow 
of  some  secondary  process,  the  spoed  of  whioh  v'  is  irrationally 
amaller  in  comparison  with  the  spoed  of  the  basio  reaction,  but  whioh 
proceeds  with  high  yield  j^»  so  that  the  product  w'  would  not 

appear  to  be  too  email?  A  good  correlation  between  experimental  and 
theoretioal  relationships  end  the  possibility  of  obtaining  oorreot  aoti- 
v  at  ion  energy  show  that  the  answer  to  the  question  must  he  in  the  neg¬ 
ative. 


Figure  4.  Batio  of  the  logarithm  of  luminesoenee  intensity  to 
inverted  temperature  during  the  decomposition  of  azo-bis-isobutyronitxyl 
in  ethyl  benzole  (1)  and  di-acetyl  peroxide  in  ohlorbenzole  (2). 

At  the  same  time,  one  may  expeot  that,  in  some  oases,  the  seoond- 
axy  processes  of  a  type  whioh  has  been  mentioned  above,  may  complicate 
the  phenomenon.  Thus,  during  the  decomposition  of  diffioult-to-  analyze - 
organio  hydroperoxides  it  is  impossible  to  obtain  olear  quantitative 
rules. 

The  decomposition  of  peroxides  is  aooelerated  by  oatalyzers  — 
metal  salts  of  alternative  valence  (oopper,  zino  and  oobalt).  Intensity 
in  these  oases  is  comparatively  high  because  the  recombination  speed  of 
the  radicals  is  high  ^2—4 Aj •  Whereas  oomplex  crystalline  metal  com¬ 
pounds  serve  as  oatalyzers  —  porphyrins  and  chlorophyll,  the  ohemi- 
luminesoenoe  spectra  agree  with  the  orystal  fluoresoenoe  speotra  /ll3, 

116,  11 y. 

Thermal  decomposition  of  hydrogen  peroxide  in  water  also  is  io- 
oompenied  by  ohemiluminesoenoe,  the  intensity  of  whioh  is  proportional 
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to  the  speed  of  decomposition  {_> >] .  In  distinction  fro®  the  above 
mentioned  casco  this  reaction  proccods  by  an  ion  mechanism;  excitation, 
apparently,  occurs  during  the  act  of  decomposition  of  the  oomplex  formed 
from  the  molecule  and  the  ion- radical  HOg  . 

5.  Oxidation  by  molecular  oxy.Ton  in  organic  solvente 

The  intensity  of  chemiluminescence  in  the  oxidation  of  hydro¬ 
carbons  and  their  products  is  at  least  on  a  higher  order  than  in  thermal 
decomposition. 


The  liquid-phase  oxidation  of  RH  hydrocarbons  and  their  produote 
proceeds  according  to  an  insured  mechanism.  At  moderate  temperatures 
only  the  initial  stage  oarrios  through  —  the  formation  of  ROOH  hydrogen 
peroxide,  vhioh  ooours  as  a  oonnoquenoe  of  the  following  elementary 
acts  *)s 

1)  The  origin  (initiation)  of  ohains  —  the  appearanoe  of  R 

or  liOg  radioals  with  a  speed  of  (I) 

2)  Chain  oxidation t 

k? 

R*  +  02  - ROj  (IX) 


HQ*  +  HH  - ROOH  +  B*  (ill) 

3)  Breaking  of  ohains  (reoomblnations  of  radioals)  t 


R*  -  R*  — Rg  (IV) 

k 

R*  +  HO*  - HOOR  (V) 


molecular  produots 


(VI) 


Just  a3  in  thermal  decomposition,  only  reaotions  (IV),  (V)  and 
(VI )  are  sufficiently  exothermio.  Further,  in  the  presenoe  of  a  sur¬ 
plus  of  oxygen,  the  concentration  of  peroxide  radioals  ROj  appears  to 

be  very  much  greater  than  the  concentration  of  R*  hydrooarbon  radioals, 
and  actually,  reaction  (VI)  is  a  unique  reaotion  in  vhioh  an  inter¬ 
mediate  complex  is  formed  vhioh  decomposes  into  Og  and  molecular  pro¬ 
duots  /l3l7>  for  instanoe,  for  the  oxidation  of  ethyl  bensole  is  a 
unique  reooobination  reaction! 


unique 

Tc S 


,  Concerning  the  seohanism  of  liquid-phase  oxidation,  see  for  instanoe, 
the  monograph  /~4_7. 
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The  recombination  of  peroxide  radioals  does  not  require  the 
energy  of  activation  and  the  thermal  ef foot,  evaluated  as  the  difference 
of  the  energies  of  formation  and  breaking  of  bonds  vhioh  is  no  less  than 
100  large  calories  per  mole  and  is  suffioient  for  luminescence  exoitation 
in  the  visible  region. 


In  a  stationary  situation  the  recombination  rate  is  equal  to  the 
speed  of  initiation.  If  initiation  is  produced  due  to  decomposition  of 
a  specially  introduced  initiator  (Y),  the  luminescence  intensity  must 
depend  on  the  temperature  and  the  concentration  Y  just  as  in  thermal 
decomposition  reactions.  This  is  carried  out  experimentally  /To, 
and  serves  as  a  confirmation  of  the  recombination  nature  of  excitation. 


Reoombination  of  peroxide  radioals  is  amenable  also  for  chemi¬ 
luminescence  vhioh  arises  due  to  the  aotion  and  consequences  of  thorough 
radiation  in  organic  compounds  /Tog/. 

In  Figure  5  ohemiluminescenoe  speotra  are  shown  in  the  oxidation 
of  a  number  of  substances  [26j .  The  speotrum  of  methyl-ethyl  ketone  is 
characteristic  —  the  structure  is  repeated  in  it  which  possesses  the 
photoluminescenoe  property  of  di-aoetyl  (Figure  5,  Curve  4')*  The  latter 
is  represented  as  a  super  state  of  fluoresoenoe  and  phosphorescence,  the 
basic  path  of  radiation  deaotivation  —  pboaphoresoenoe  13^7 
(shift  from  the  triplet  condition)  Figure  6). 

The  ohemiluminesoenoe  speotra  of  other  hydrocarbons  are  repre¬ 
sented  as  broad,  un-struotured  bands  with  sloping  maxima  from  420-450 
millimicrons.  If  it  is  considered  that  ketones  are  excited  under  these 
conditions  also,  then  this  result  is  not  unaxpeotedt  As  A.  P.  Te renin 
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Z^5»  6j7  has  pointed  out,  mono-carbonyl  hydrocarbon  produots  possess 
blue-violet  luminescences  which  arc  represented  a3  a  triplet— singlet 
shift.  However,  in  view  of  the  abconce  of  individuality  of  the  band  fora 
only  the  spectral  identification  is  not  precise.  "In  solutions,"  S.  I. 
Vavilov  has  stated,  "the  speotra  arc  extremely  uncharacteristic  and  dif¬ 
fused,  and  do  not  have  thin  components.  Therefore,  solely  on  the  basis 
of  speotra  in  the  usual  sense  of  the  word,  it  is  almost  impossible  to 
obtain  sufficiently  profound  results.  An  understanding  of  the  photo- 
luminesoenoe  of  solutions  is  markedly  facilitated  by  drawing  on  other 


Figure  5»  Speotra  of  ketone  radiations  excited  in  oxidation 
reactions  of  ethyl  benzole  (l),  oyclohexane  (2),  n-deoane  (3)  and 
methyl-ethyl  ketone  (4)  at  60-65°C 

Width  of  entry  slit  is  7  am.,  exit  —  2  mm.  and  with  a  dispersion  of 

20  X/mm.  Curve  4'  is  the  photoluminesoenoe  speotrum  of  di-aoetyl 
(aooording  to  data  from  work  Along  the  ordinate  axis  is  the 

quantum  spectral  intensity  on  a  frequency  scale  (in  arbitrary  units  for 
each  experiment). 
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optioal  properties  of  luninesoenoe t  intensity,  polarity  and  per¬ 
sistence  /5i7*" 

The  direct  determination  of  the  persistence  of  the  exoited  state 
(p.e.s.)  T'p  and  the  quantum  reoults  of  radiation  p  during  ohemi- 

luminesoenoe  is  possible  beoauno,  on  the  one  hand,  it  is  impossible  to 
quickly  shut  off  excitation,  and  on  the  other,  the  overall  result  of 

luninesoenoe  .  . .  depends  not  only  on  the  magnitude  of  71  p  ,  but 

also  on  the  result  of  71  p  (Compare  equation  (l) ) •  However,  it 

appears  possible  to  employ  direct  methods. 

P.e.s.  was  approximated  by  dampening  with  oxygen.  Oxygen  exerts 
a  dual  action  in  ohemiluminescenoe  In  the  region  of  low  con¬ 

centrations  it  reinforces  luminescence  because  it  facilitates  the  trans¬ 
formation  of  hydrocarbon  radicals  into  peroxides  (Beaotion  II),  re¬ 
combinations  which  give  a  greater  glow.  0g7  depends  approximately  on 

/Oj  according  to  law  /20/ 


5? 


3/ 


(6) 


where 


S  - 


If  exoited  molecules  are  formed  during  the  reoombination  of  peroxide 
radicals,  the  intensity  of  ohemiluminescenoe  is  proportional  to  the 
speed  of  that  prooess  and  (by  taking  formulas  (l)  and  (6)  into  aooount) 
is  defined  by  the  following  expression! 


1  ■  vr1**4  w  ■  wr1"*  *i  <« 

Beaotion  (II)  proceeds  at  great  speed  (k9  is  high),  and  already 

-6  -5  /  c 

at  10  -10  mol/1,  of  oxygen  all  the  hydrocarbon  radicals  present  in 

in  the  system  are  converted  into  peroxides  (i.e.  3of  ^  S)  and  recombi¬ 
nation  only  oocurs  with  these  latter  ones.  Therefore,  a  further 
increase  in  still  should  not  alter  the  intensity  of  luninesoenoe. 

However,  by  experiment  it  appears  that,  as  a  rule,  oxygen  dampens 
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ohemi luminescence  in  regions  of  h i  :h  concentration.  This  effeot  is 
manifest  particularly  dearly  if  tho  solution  is  saturated  with  oxygen 
and  the  reaction  vessel  is  hermetically  sealed.  Gradual  diffusion  of 
oxygen  leads  to  a  weakening  of  the  dampening  aotion  and  to  an  increase 
in  intensity  (Figure  7a).  A  marked  weakening  at  the  end  of  the  prooess 
("oxygen  drop")  is  noted  at  the  instant  of  oomplete  disappearance  of  the 
oxygen  in  the  solution.  The  oxygen  diffuses  at  a  constant  rate  /ll,  2\f 


Thus,  temporary  and  simultaneous  evolvement  in  oonoentration  of  oxygen 
obtains  and  quantitative  investigation  of  its  influenoe  is  possible. 
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Figure  6.  Diagram  of  the  lower  electron  levels  of  acetophenone 
/}2/ »  di-aoetyl  [p2j  and  moleoular  oxygen 

Keyt  1.  Acetophenone;  2.  Di-acetyl J  3.  Large  oal./mol. 

The  ratio  of  intensity  to  fZJ  is  subjeot  to  the  Stem-Folmer  equation 
(Figure  7b) «  ? 


-  1  + 


kTp  Zo/, 


(9) 
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where  p  is  tbs  persistence  of  tho  exoited  state  of  the  emitter  P*  and 
k  is  the  speed  constant  of  the  dampening  reactions 

P*  ♦  o2  — P  ♦  o2. 

P.e.s.  is  determined  with  all  P*  deaotivation  processes s 

<*P  *  s  r1.  do) 

where  fp  and  dp  are  the  probabilities  of  intramolecular  emission  and 

non-emission  exchanges,  and  k^  are  dampening  constants  with  other 

dampeners  Qj,  which,  are  present  in  solution.  After  introduction  of 

oorreotions  the  experimental  value  of  k  p,  vhioh  is  found  according  to 

the  Stem-Folmer  equation,  seems  to  be  equal  to  2  x  10^  l/mol.  (in  the 

oxidation  of  ethyl  benzole).  Assuming  that  k  has  a  diffusion  value  of 

10^-10^®  l/mol  oeo.  it  was  found  that  TL  ■  10"^-10“^ seo.,  whioh  is 

*  —7 

close  to  the  p.e.s  of  triplet  acetophenone,  3.6  x  10  '  seo.,  obtained 
under  the  same  conditions  during  photoluminesoence  /I5 

Particularly  strong  dampening  by  oxygen  sustains  the  ohemilumi- 
nesoenoe  of  methyl-ethyl  ketone  2$J »  This  agrees  with  the  large 

p.e.s.  of  this  substanoe  —  up  to  10“^ seo.  in  well-purified  solvents  2/ • 

The  quantum  product  of  the  luminesoenoe  of  exoited  partioles  was 
determined  aooording  to  activated  ohemi luminesoenoe.  The  introduction 
of  aotivators  (A)  into  the  solution  leads  to  a  transfer  of  energy  < 

16.  I#* 

* 

^A 

P*  +  A  — F~  +-  P  +  A*. 

Radiation  of  the  aotivator  follows  the  transfer  of  energys 
A* - A  +  hvA. 

In  this  regard,  naturally,  the  speotrum,  the  produot  and  the 
p.e.s.  characterize  the  aortivator  moleoule  and  not  a  primary-excitation 
partiole.  For  instance,  in  the  addition  of  produots  of  anthraolne  and 
ax azole  the  speotrum  of  luminesoenoe  becomes  identioal  to  the  speotrum 
of  fluoresoenoe  of  motivators  (Figure  8)  and  the  p.e.s.  is  shortened  so 

/ 
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much  that  the  luminescence  dampening  effect  by  oxygen  (2\J  almost 
disappears  ( ^  is  on  the  order  of  10“®  seo. 

As  a  rule,  activators  rcinforoe  ohemiluminescenoe  •  Prom 
Figure  9  it  follows  that  the  roinforoement  aotion  of  aotivators  grows 
with  their  concentrations  according  to  the  lav  obtained  from  voii/lo/t 

1  p  1 _ fp  1 

X  “  1  71 A  “  nT  WA  “  n?  ^pA  £~kj  ^ 

where  x  is  the  ooeffioient  of  reinforcement  or  the  ratio  of  the  in¬ 
tensity  of  the  aotivator.  fy  means  of  formula  (ll),  in  the  well-Jcnovn 
fluoresoenoe  yield  of  the  aotivator  ? a  quantum  produot  was  fouid 

from  the  radiation  of  the  emitter  in  the  oxidation  of  ethyl  bensole  and 

cyclohexane  t  fl  ^  •  5  x  10-4  +  6056  {2.5J' 


Figure  7.  a)  Kinetic  intensity  ourves  (I,  II)  and  oonoentration 
of  dissolved  oxygen  (l't  II')  in  the  oxidation  of  ethyl  bensole  for  two 
experiments  with  different  reaction  speeds,  b)  Curves  I  and  II  were 
redrawn  on  coordinates  of  the  Stern-Folmer  equation. 

Key*  1.  Hol/l.j  2.  I,  in  relative  units;  3.  Min. 

The  quantum  yield  and  p.e.s.  are  measured  independently.  Their 
ratio  should  be  equal  to  the  probability  of  the  radiation  transfer  in 
the  produot  moleoulei 
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Figure  8.  Solid  lines  ore  chemiluminesoenoe  spectra  (oxidation 
of  cyclohexane  )  aotiyated  by  lumiphors. 

Dotted  lines  are  photoluminesoenoe  spectra  (fluoresoenoes)  of 
lumiphors  recorded  on  the  same  equipment. 

Keys  1.  Photoourrent,  in  relative  units)  2.  , in  millimicrons. 

Estimation  leads  to  a  value  on  the  order  of  103  see""1  [2\[  which 
is  typical  of  the  preoision  of  triplet-singlet  radiation  transfers 
Jj9t  40/, 

A  comparison  of  the  quantitative  oharaoteristios  of  an  exoited 
particle  with  speotra  and  the  ohemioal  mechanism  of  reaotion  has  led  to 
the  conclusion  that  oarbonyl  compounds  in  an  eleotron-exoited  (princi¬ 
pally,  triplet)  ctate  are  ohemilumineeoenoe  emitters  in  the  oxidation 
of  hydrocarbons  /21f  24,  2 '£/  *).  In  the  reoomhination  of  radicals 

*)  In  work  [2JJ  radiation  in  the  region  of  430-450  milliaiorons 
with  the  oxidation  of  1 hydrocarbons  is  ascribed  to  and  exoited  molecule 
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Uigner’s  law  does  not  superimpose  limits  on  the  multiplicity  of  the 
produots  formed,  whioh  ia  easy  to  note  from  the  level  of  the  reaotion 


HO 2  +  HOg  - 

il/2)  (1/2), 

^  ■  ■■■y  -  ■  * 

(0,  1) 


»■  ketone  +  02  +  aloohol 

t(0  or  1)  (0  or  l)  (0  or  1) 

(0,  1,  2,  3) 

(the  numbers  in  braces  are  spin  values). 

Therefore,  the  produots  moy  be  obtained  both  in  the  triplet  and 
in  the  singlet  state.  That  fact  that  the  emitter!  in  the  oxidation  of 
ethyl  benzole  is  triplet  acetophenone  is  connected  only  with  rapid  con¬ 
version  from  the  singlet  stato  to  the  triplet  that  is  inherent  to  the 
substance  and  apparently  both  stateB  exist  in  the  reaction.  Vith 

the  oxidation  of  methyl-ethyl  kotone  there  are  observed  transfers  both 
from  the  triplet  and  from  the  singlet  states  (See  Figure  5)* 

The  heat  of  recombination  of  peroxide  radioals  is  also  sufficient 

for  excitation  of  levels  T  and  A „  of  molecular  oxygen  (See  Figure  6)| 

E  8 

its  luminescence  lies  in  the  infra-red  region  of  the  speotrum  (shown  by 
means  of  light  filters)  [j&J . 

The  mechanism  of  luminesoence  in  the  visible  region  may  be  re¬ 
presented  by  the  following  diagramatio  Table  1  (symbols  over  the  arrows 
are  oonstants  of  the  process  speeds). 


From  the  diagram  ia  obtained  the  following  expression  for  quantum 
intensity  of  chemiluminesoence t 

I  -  £k/A*7  -  fry  U-W  wrek  (12) 

where  -  kg  is  the  speed  of  recombination  of  radicals)  71-p  ■ 

“  fP(fP  +  dp  +  gj  )”*,  the  quantum  yield  of  radiation  for  P*f 

of  oxygen  formed  in  reaotion (VI ).  This  interpretation  give|  rise  to 
misunderstanding  beoause  of  the  population  of  the  state  *£  u  (106 
large  cal/mol)  see  Figure  6)  whioh  can  give  radiation  in  the  visible 
region,  doubtful  even  with  the  reoombination  of  0  atoms  and  is 
hardly  possible  in  comparatively  weak  reaotion  oonditiona  (VI). 
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Figure  9*  Ratio  of  the  luminescence  reinforcement  coefficient 
to  the  ooncentration  of  9-broman  t hrao ine  in  the  oxidation  of  ethyl 
benzole  in  benzole  in  equation  (ll)  coordinates. 

Initiators!  1.  azo-bis-isobutyronitryl  (1.22  x  10“  mol/l)  at 
50.0°C|  2.  di-cyolohexylperoxy  di-carbonate  (4.3  x  1 0“3  aol/l)  at  30.0°C. 

Keyi  a.  l/mol. 

»t  -  f^(f  +  d^  +  is  the  quantum  yield  of  radiation  for  A*f 

Tip A-  kpA  ZX7  (fp  +  ♦  Z«i  ^7  +  kpA  Z\7  )-1  is  the  probable 

carry-over  of  energy. 

According  to  (12)  the  intensity  is  proportional  to  the  speed  of 
reaction.  However,  the  oooffioiont  of  proportionality  depends  on  the 
concentrations  of  dampeners  and  activators.  The  role  of  dampeners,  in 
particular,  is  played  by  Borne  initiators,  solvents  and  also  reaotion 
produots,  admixtures  and  oxidized  hydrocarbons  themselves  /l5,  2J^. 
Therefore,  the  intensity  of  chemi luminescence  often  grows,  not  in  pro¬ 
portion  to  the  ooncentration  of  the  Initiators  (like  that  demanded  by 
formulas  (3)  -  (5)* but  more  slowly  (Figure  xO). 

Equation  (12)  permits  quantitative  description  of  the  aotion  of 
the  initiator-dampener  Y|  it  is  not  difficult  to  obtain  from  iti 
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Figure  10.  Ratio  of  lumineBoenoe  intensity  in  oxidation  reactions 
to  concentration  of  initiators: 

di-benzoyl  peroxides  in  ethyl  benzole  (l)|  azo-bis-isobutylonitryl 
in  a  mixture  (ethyl  benzole  +  acetio  aoid)  (2)  and  ethyl  benzole  (3)f 
di-oyolohexyperoxy  di-carbonate  in  a  mixture  (ethyl  benzole  +  benzole) 
(4). 

Key t  1.  Photocurrent,  in  relative  units)  2.  £~Y in  mol/l. 


Table  I 

Chemiluminescence  Mechanism  in  the  Oxidation  of  (RH)  Hydrocarbons 

in  Solution 


Prooess 

Equation 

Recombination  of  peroxide  radicals 

kg 

2R0A  0-  +  aloohol  +  ketone  (P) 

with  the  formation  of  non— excited 

c  c 

ketone 

7l®x°itedk  6 

The  same  with  formation  of  ketone 

in  the  triplet  state 

c  c 

Chemiluminesoenoe 

P*  - P  +  bv_ 

P 

Internal  deactivation  P* 

Deactivation  P*  by  dampeners 

P*  +  - =-#-  P  +  qa 

V 

Carryover  of  energy  of  exaltation 

P*  +  A  - P  +  A* 

to  activator  A 

Luminescence  of  activator  (aoti- 

A*  . . A  +  hv. 

vated  lumineaoenoe) 

A 

Deactivation  A* 

aA 

A*  - A 

k' 

A*  +  - =►-  A  + 

£0 

i 


c*j 


(1  +  Z"y_7)» 


I  0 

where  ky  is  the  deactivation  speed  constant  with  initiator.  The 
relationship  is  well  borne  out  by  experiment  (Figure  11).  The  values 
of  ky  ^  appear  to  be  on  the  order  of  10^  l/mol,  which,  with  assumption 
of  the  diffusion  oharaoter  of  dampening  (kyftflO^  l/mol  seo. )  leads  to 
values  of  p.e.s.  which  agree  with  approximations  on  dampening  by  oxygen 
(on  the  order  of  10  '  seo.). 
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The  carry-over  of  enorgy  to  luminescent  oomponento  ("natural" 
activators)  ploys  a  minor  rolo  p.n*i  Is  seldom  observed.  During  initiation 
by  di-cyclohcxylperoxy  di-carbonnto  the  growth  in  intensity  speeds  the 
growth  in  oonoentration  (Figuro  11})  it  io  possible  that  the  initiator 
which  has  a  C  •  0  group  will  act  as  a  weak  activator  J2.\J .  Growth  in 
intensity  with  time  during  the  decomposition  of  di-tret-butyl  peroxide 
in  chlorbenzole  was  conncctod  with  aooumulation  of  well  luminesced 

products. 

Thus,  secondary  processes  may  essentially  oomplloate  the  pioture 
of  the  phenomenon  and  this  must  be  borne  in  mind  constantly*) . 


Figure  11.  Function  of  the  proportion  of  oonoentration  of  the 
initiator  to  the  intensity  of  luminescence  from  the  oonoentration  of 
initiators  for  experiments  1  and  2,  Figure  10. 

Key»  1.  /~Y_7  /  I*  in  arbitrary  units)  2.  C'lJ ♦  in  mol/l. 


*)  The  transfer  of  energy  to  specially  introduced  aotivators  also  has 
been  observed  in  clearly  luminescent  reactions  ^|>9,  109,  121,  1$C^. 

The  possibility  of  influence  by  "natural"  aotivators  on  ohemiluminesoenoe 
in  liquid-phase  reactions  was  not  considered  earlier.  The  meobanism 
for  the  transfer  of  energy  was  not  investigated. 


When  the  characteristics  of  choniluminoscence  (spectrum,  produot, 
p.e.AJoorrespond  to  a  primary  c::citod  particle,  the  carry-over  of 
energy  may  not  be  taken  into  consideration  and  equation  (12)  takes  on 
a  simple  form  (l).  Simultaneous  measurement  of  absolute  intensity  and 
speed  of  reaction  makes  it  possible  to  determine  the  overall  quatum 

yield  of  ohemiluminesoence  t  ■  l/v  *  ?Ip?2pX0*te^»  This  value  is 

small  (on  the  order  of  10H^®  for  oxidation  of  oyolohexane  and  n— deoane, 

10~9  for  ethyl  benzole,  and  10*"^  for  methyl-ethyl  ketone  j2$J  )  and 
is  basically  determined  by  excitation  yields.  The  low  value  of 

more  than  ever  has  been  specified  by  the  fact  that  the  energy 
oonoentrated  on  the  majority  of  molecules  is  insufficient  for  exoitation. 

In  Figure  12  the  distribution  of  produot  molecules  by  osoillation 
levels  is  shown  qualitatively  immediately  following  reaction  and  after  a 
time  sufficient  for  establishing  equilibrium  with  the  medium,  but  less 
than  the  persistence  of  the  eleotron-axoitation  state.  The  distribution 
funotion  has  a  maximum  —  with  an  increase  in  energy  the  numbers  of 
osoillation  levels  fall,  but  density  grows  due  to  inharmony.  For  graphio 
purposes,  only  one  system  of  osoillation  levels  is  shown. 

Whereas  one  product  is  formed  in  the  reaction  (for  instance,  in 
the  recombination  of  hydrocarbon  radicals)  all  of  the  energy  released 
is  concentrated  in  one  molecule  in  each  event  (Case  a)).  The  primary 
distribution  is  distinct  and  reflects  only  the  Maxwell-Bolzmann  distri¬ 
bution  of  original  reagents  (radicals).  The  probability  of  exoitation 
may  be  high  if  the  exothermy  of  the  reaotion  is  greater  than  the  energy 
of  exoitation;  it  is  equal  to  zero  if  a  reverse  correlation  exists.  If 
some  products  are  formed  during  recombination  (recombination  of  peroxide 
radicals)  the  distribution  is  more  even  (Case  b)).  Although  the  picture 
has  a  qualitative  character,  it  dearly  follows  that  it  is  difficult 
to  expect  great  numbers  at  the  level  placed  at  a  value  of  70-75  large 
ealories/mol,  in  the  presence  of  heat  of  100-120  large  oalories/mol 
dispersed  among  three  molecules  (alcohol,  ketone  and  oxygen). 

The  second  reason  for  low  yield  may  be  dampening  by  molecular 
Og  whioh,  immediately  after  reaction,  appears  in  the  immediate  violnity 

of  the  exoited  produot  and  may  deactivate  it. 

For  ethyl  benzole  and  cyclohexane  pZ0^*8d«  10”^ -10  corres¬ 
pondingly  the  stationary  concentration  of  exoited  moleoules  is  low  — 
on  the  order  of  10  moleeules/cm^  . 

The  quantum  exoitation  yield  has  the  sense  of  a  formation  prob¬ 
ability  for  the  produots  of  an  exothermio  elementary  event  in  a  definite 
energy  state.  This  oharaoteristio  is  of  great  interest  in  the  theory 
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of  chemical  reactions  and  for  tho  understanding  of  processes  which 
control  the  distribution  and  over-distribution  of  energy  among  products. 

Those  questions  have  been  intensively  dealt  with  that  are  applicable 
reactions  of  simple  molecules  in  the  gaseous  phase  /124,  127*  12(37* 

Applicable  work  has  still  not  started  on  reactions  in  solution.  It  may 
be  assumed  that  systematic  measurements  of  yields  of  ezoited  products 
of  liquid-phase  reaotiens  (ketonoa  and  oxygen  in  the  oxidation  of  single- 
type  compounds)  will  give  great  value  to  the  theory  of  elementary  re¬ 
actions  in  solutions. 

6.  Oxidation  in  aqueous  solutions. 

Not  long  ago  Stauff  and  his  colleagues  /T42-14^r  investigated 
weak  chemiluminescence  in  the  oxidation  of  many  substanoesi  NgH^» 

HgSO^,  NaHSG.*  K^Fe(CN)g*  urea,  gelatins,  eto.  Hydrogen  peroxide* 

molecular  oxygen  (as  a  rule,  with  a  catalyzer),  hypoohlorite  NaCIO,  and 

hypobromite  NaBrO,  have  served  as  oxidizers. 

In  the  oxidation  oatalysis  for  aqueous  solutions  of  NaHSO^  by 

molecular  0^  the  maximum  luminescence  takes  plaoe  at  480  millimiorons. 

The  kinetic  curve  of  intensity  has  two  peaks.  The  first  peak,  according 
to  the  opinion  of  the  authors,  is  connected  with  a  carry-over  of  an 
electron  in  the  comples  with  the  oatalyzer  and  with  the  formation  of  an 

0”  ion,  the  second  —  with  the  recombinations  of  radicals  HO^.  The 

authors  see  support  for  this  in  the  faot  that  inhibitors,  the  inter¬ 
ceptors  of  free  radicals,  will  dampen  ohemiluminescence  /l44,  14^7 * 

Spectra  in  oxidation  reactions  of  hypo-halides  have  few  character¬ 
istic  maxima  at  580  and  330  millimiorons  —  and  in  neutralization 
reactions, at  480  millimiorons.  In  a  majority  of  reactions  luminescence 
intensity  grows  quickly  and  then  slowly  decreases  according  to  law 

-  I“l/2  +  at,  (13) 

wherein  the  coefficient  a  is  inversely  proportional  to  .  Stauff 

considers  that  an  exoited  particle  is  a  oomplex  of  two  molecules  of  0£ 

that  are  connected  to  the  Van  der  Vaals  forces.  The  complex  is  formed 
when  two  electron-excited  moleoules  of  02  enoounter  one  another.  The 

latter  is  obtained  in  the  reoombination  of  HOg  and  *0H  radioals*  the 

presence  of  which  were  discovered  by  the  EPS  method  1 

•  • 

2H0*  — ♦  02  ♦  58  large  cal  ./mol,  OH  +  HOg-^  HgO  ♦  02  +  77  large  oal/nol 
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Figure  12.  Distribution  of  radical  recombination  products  by 
electron  and  oscillation  levels  (qualitatively). 

Dotted  line  —  immediately  following  the  roaotion.  Solid  line  —  fol¬ 
lowing  establishment  of  thermal  equilibrium  with  the  medium.  Ruled 
areas  are  proportional  to  the  number  of  eleotron-exoited  molecules. 
Cases  1  and  2  correspond  to  the  greatest  and  the  least  thermal  effeot 
of  the  roaotion  under  very  noarly  identioal  conditions.  In  oase  a) 
one  produot  is  formed  and  the  primary  distribution  is  more  abrupt  than 
in  oase  b)  which  corresponds  to  the  formation  of  one  produot. 


The  energy  given  off  in  these  roaotiono  is  sufficient  for  the 

excitation  state  *A  and  (See  Figure  6).  Luminescence  maxima  in 

5  S  1  n  •%  1 

spootra  may  be  added  to  conversions t  A-*'  JZ(480  millimicrons) 

*A+  cu  — 3Z!  (580  millimiorons)f  *A  *A  ♦  2cu-^>  32i 
(530  millimicrons)!  where  to  io  tho  oscillation  quantum  of  O2I  they  are 

close  to  the  maxima  of  absorption  of  oomplexes  (02)2.  Several  kinetio 

sohemes  for  the  formation  of  Og  load  to  a  theoretical  Relationship  of 

type  (13)  and  to  a  proportionality  between  I  and  /0g7  observed  by 

experiment. 


Seliger  /l357  in  I960  discovered  a  635  millimioron  bond  and 
subsequently  /136/ two  more  bands  in  reactions  of  hypochlorite  NaClO  and 
Cl2  with  HgOg  in  water:  703  millimicrons  and  (very  weak)  578  millimicrons. 

Inasmuch  as  the  difference  in  wave  numbers,  1570  cm-*,  is  close  to  the 

frequency  of  oscillation  in  tho  02  molecule  (1580  cm-*),  the  authors 

/Ill/  recorded  bands  with  oscillation  components  (0,  0)  and  (0y  1)  of 

the  shift  *X+  — v-  3£  ~  (See  Figure  6),  and  a  short  wave  displacement 

of  26 00  om  ,  in  comparison  with  a  shift  in  gaseous  0„  is  carried  out 


due  to  the  influence  of  the  solvent.  Although  the  possibility  of  ouch 
a  great  displacement  has  been  illustrated  by  theoretical  calculation 
/TO!/,  the  prematurity  of  the  given  interpretation  became  clear  after 
the  very  sane  bands  were  discovered  in  the  gaseous  phase  (during  elec¬ 
trical  discharge  in  0„)  Further,  Browne  and  Ogxyzlo  @0/  reoorded 

the  luminescence  spectrum  of  the  reaction  Cl2  +  H,,02  in  a  broad  field 

(Figure  13)  and  gave  the  following  interpretation:  12,700  and  10,700  X 
(0,  0)  and  (0,  l)  shift  *A  3£"  }  7619,  8645  and  7700  X  —  com¬ 
ponents  (0,  0),  (0,  1)  and  (1,  1)  shift  — •  3217  •  Three  peaks 

Q  D 

in  the  orange-red  region  are  recorded  as  components  (1,  0),  (0,  0)  and 
(0,  1)  of  the  electron  shift 


^ - 3Zg  3  Zg  in  the  complex  (02)2. 


Chemiluminescence  speotra  for  many  oxidation  reactions  in  aqueous 
solutions  are  very  similar  this  finds  its  explanation  in  the  foot 
that  the  OH  and  H02  radioala  take  part  in  the  given  processes,  the 

reactions  of  whioh  may  give  excited  oxygen  and  its  dimer  (02)f. 


It  should  be  noted,  in  the  first  place,  that  the  concentration 
of  the  complex  (Og)R  must  be  very  low  inasmuoh  as,  for  its  formation, 

on  onoounter  of  two  exoited  molecules  is  neoessary,  and  in  the  second 
place,  the  lifetime  of  the  oomplex  is  very  small  (for  an  unexoited 
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Figure  13.  Chemiluminosconoe  speotruo  in  the  reaotion  of  m 
chlorine  with  hydrogen  peroxide  in  on  alkaline  aqueous  solution 
The  scale  of  curve  1  is  1000  tines  larger  than  curve  2|  3  —  is  the 

curve  of  spectral  sensitivity  of  the  photoamplifier. 

Key:  a.  A,  in  microns. 

complex  it  is,  in  all,  10~^  sec.  For  this  it  follows  that,  with 

the  excitation  and  luminescence  of  the  oomplex  (Ogjg  may  oompete  with 

plug  reactions.  On  the  strength  of  both  reasons  the  luminescence  must 
be  very  weak,  whioh  is  also  observed  in  experiment. 

III.  OTHER  ASPECTS  OF  CHEKILUMIHESCENCB 

7.  Bioluminesoenoe 


The  flow  of  oomplioated  chemioal  processes  (bioohemioal)  in 
living  organisms  is  sometimes  accompanied  by  luminescence. 

Many  forms  of  fauna  and  flora  possess  an  ability  to  luminesce t 
bacteria,  fungi,  radiolaria,  sponges,  sea  worms,  orustaoea,  mollusks, 
snails,  oentipedes,  insects  and  ocean  fish.  At  the  same  time,  there 
are  no  luminescent  forms  among  the  higher  plant  life,  amphibia,  reptiles, 
birds  and  mammals.  With  the  exception  of  a  few  forms,  fresh-water 


/ 
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organisms  do  not  luminecco,  cvon  those  of  thorn  that  are  found  oloee 
relationship  with  self-luminoecont  typos  that  live  in  sea  water. 

The  rosearch  of  bioluninorconoo  in  various  living  organisms  had 
already  led  to  tho  conclusion  a  half-century  ago  that  luminescence 
occurs  during  tho  oxidation  of  a  substance  called  luoiferine  by  oxygen 
and  the  roaction  is  catalyzed  by  forment  oalled  luo if erase.  Both 
luoiferines  and  luoiferases  aro  specified  for  different  luminesoing 
organisms.  Tho  structure  of  those  compounds  had  not  been  established 
right  up  to  very  recent  times.  Not  long  ago  /l20,  137»  13,27  were 
successful  in  separating  luoiferine  and  luoif erase  in  pure  form  from 
the  glands  of  the  Fhotinus.  pyralis  fly,  identifying  and  oheaioally 
synthesizing  luoiferine,  which  had  the  following  structure « 

I 

h  : 

is  oxidized  by 


Luoiferase  appears  as  a  protion  molecule  whioh  has  in  its  make-up  more 
than  1000  amino  acid  blocks.  Adonozine  tri-phosphate  is  a  necessary 
component  for  luminescence.  The  ratio  of  luminescence  intensity  to 
the  concentration  of  adenozine  tri-phosphate  serves  as  a  basic  method 

which  permits  measurement  of  an  insignifioant  amount  (10  10  ^  g/ml 

[&$]')  of  this  substanoe,  a  universal  supplier  of  energy  for  bio- 
lumincscence  processes  that  go  on  in  living  organisms. 

A  surprising  result  was  obtained  in  the  measurement  of  the  quantum 
yield  of  the  reaction.  It  appeared  that,  on  an  average^  0.88  photons 
woro  radiatod  for  one  oxidized  raolooule  of  luoiferine  Suoh  a 

high  quantum  yield  had  never  before  been  observed  in  a  chemiluminescence 
reaction.  Apparently,  an  oxidized  moleoule  of  luoiferine  is  an  exoited 
particle.  Before  the  oxidation  event  it  is  joined  in  the  complex  with 
ferment  and  adenozine  monophosphate}  the  oooplex  lowers  the  probability 
of  deactivation  during  collisions  with  surrounding  molecules. 

Luoiferine  of  Cypridina  orustaoea  has  the  following  structure 
^105,  MOj i 


In  the  state  responsible  for  luminescence,  luoiferine 
molecular  oxygen  and  forms  oxylupiferine  and  waten 


HO 


xo-cr 


s“c  v 


*0H  +H:0. 
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^Jr—ipCH-CH-N - -r.-CO^-NH-C-NH,. 

0“C^CH^N  .  NH 

OH  I 

CH,  — CH  — C,H, 

Aooording  to  tha  opinion  of  McElroy  and  Soliger  the  ability  to 
luminesce  is  a  rudimentary  characteristic  vhioh  was  developed  in  the 
evolution  of  life  forms  on  Earth  j_y20j.  It  is  possible  that  the  first 
organisms  which  had  appeared  on  Earth  were  oapable  of  existing  in  the 
absence  of  oxygen.  When  oxygen  began  to  appear  in  the  Earth's  atmos¬ 
phere  it  exerted  an  unfortunato  and  poisonous  influenoe  on  organisms.  In 
the  course  of  natural  selection  those  forms  were  preserved  that  developed 
the  ability  to  effectively  "destroy"  molecular  oxygen  which  got  into  them, 
let  us  say,  hy  converting  it  into  water.  The  energy  whioh  was  given  off 
in  this  could  provide  excitation  for  molecules  and  radiation  for  light. 

At  the  beginning  of  the  Twenties  the  research  of  A.  G.  Gurvich 
and  hi3  colleagues  /)6,  3  jj  was  published,  in  whioh  it  was  revealed 
that  some  plant  and  animal  tissues  give  off  weak  radiation  in  the 
region  of  190-325  millimicrons.  They  succeeded  in  pointing  out  that 
radiation  is  caused  by  mitosis  —  cell  division.  More  than  that,  it 
appeared  that  mitosis  in  some  cultures  of  tissues  was  reinforced  tinder 
the  influence  of  radiation  *).  On  this  basis  very  sensitive  biologioal 
radiation  detectors  were  made,  by  means  of  whioh  research  was  also  con¬ 
ducted  of  so-called  mitogenetics.  As  a  oonsequenoe,  this  was  also  re¬ 
corded  by  physioal  detectors,  however  the  signals  were  almost  always  of 
the  same  order  as  noise  too. 

In  recent  times  weak  luminescence  in  the  visible  region  was  dis¬ 
covered  in  many  biologioal  systems,  including  living  tissues  and  organs 

l Tl,  4lJ  **). 

Researoh  of  weak  ohemiluminesoent  systems  that  are  oapable  of 
photochemical  reactions  (particularly,  photosynthesis  /2$J)  has  great 
significance  in  explaining  the  mechanism  of  photosensitised  and 
fermentation  reactions  and  aooumulation  and  migration  of  energy. 


*)  Hot  long  ago  S.  V*  Konev  /y/  reported  on  the  acceleration  of  oell 

division  of  yeasts  under  the  influenoe  of  weak  streams  (10^  photons 
2 

per  cm  sec. )  of  ultra-violet  light  from  a  mercury  lamp. 

**)  See  "Bioluminesoence"  Symposium  (Symposium  3-6  June  1963 ),  Moaoow, 
"Nauka"  Publishing  House,  1965* 
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8.  Hetero-onooua  Cx.vluroinosccnco 

In  1945  A.  U.  Toronin  and  L.  A.  Kachur  discovered  visibly 
luminescence  of  the  heated  powder  of  magnesium  oxide  when  air  was  passed 
over  it  that  was  saturated  with  the  vapors  of  organio  substances 1 

C2H5OH,  CH3CHO,  CH-jCOOH,  (cn3  )2C0»  c6H5CH3»  c6a^CE20Zt 

It  vac  pointed  out  that  the  glowing  appeared  as  chemiluminesoence  caused 
by  oxidation  reactions  of  organio  cubstanoes  on  the  surface  of  the 
magnesium  oxide,  which  plays  the  part  of  a  catalyzer.  The  highly  con¬ 
centrated  products  of  oxidation  or  their  groups  serve  as  emitters!  it 
is  possible  that  they  are  excited  as  a  result  of  a'  transfer  of  energy 
from  the  primary  products  of  oxidation. 

9.  Candoluminescenco 

In  1925  Bonhoeffor  pointed  out  that  oxystal  phosphors  lumi¬ 
nesce  under  the  influence  of  atomio  hydrogen.  Subsequently  analogous 
luminescence  was  observed  also  with  the  aotion  of  other  free  atoms  and 
radicals,  particularly  those  formed  in  flames.  The  phenomenon,  oalled 
candolumine sconce,  is  caused  by  recombinations  on  the  surfaoe  of  lumino- 
phosphor  of  free  atoms  and  radicals  /J4,  132 J. 

It  should  be  noted  that  for  a  long  time  clear  representations  of 
the  nature  and  mechanism  of  condoluminescenoe  were  absent.  Some  authors 
took  the  explanation  of  the  phenomenon  for  axidation-roduotlon  prooesses, 
others  generally  disclaimed  the  high  equilibrium  oharaoter  of  luminesoenoe 
and  explained  the  experimental  faots  as.  peculiarities  of  purely  tempera¬ 
ture  radiations  of  bodies  wider  flame  conditions.  Only  in  recent  years, 
t harden  to  the  work  of  V.  A.  Sokolov  and  his  colleagues  /}0t  3^7  urv" 
contestable  experimental  demonstrations  of  the  recombination  mechanism 
of  the  phenomenon  were  obtained. 

In  most  recent  times  it  has  been  brought  to  mind  that  oxystal 
phosphor  is  a  semi-conduotor  and  at  the  same  time  a  recombination  cata¬ 
lyzer.  The  peculiarities  of  tho  phenomenon  were  oonsidered  on  the  basis 
of  representations  of  eleotron  theory  of  ohemioal  absorption  and  catalysis 
and  theoretical  results  qualitatively  supported  by  experiment  /Jof * 

10.  Luminescence  during  recombination  of  "frozen”  radioals 

In  recent  years  means  have  been  found  for  building  up  high  con¬ 
centrations  of  free,  active  radicals.  For  this  purpose  either  precip¬ 
itation  on  a  cold  surface  of  tho  products  of  electrical  discharge  or 
photolysis  is  employed,  or  photolysis  or  radiolysis  of  frozen  solutions 
or  of  solid  substanoes.  In  freezing  or  liquifying  samples,  the  radioals 
regulate  one  another.  In  this, luminesoenoe  is  often  observed. 
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Thus,  sparks  of  yellow--roon  licht  appear  during  the  freezing  of 
solutions  of  aromatic  compounds  exposed  to  gamma  rays  /§£/*  and  blue- 
green  in  the  heating  of  products  from  the  interaction  of  atoms  of  B  with 
HN^  or  /J^£/»  The  formation  of  ezoited  ethylene  is  shown  during 

the  freezing  of  produets  of  the  photolysis  of  di-azo  methane  CH^g  Z^ST* 

Weak  chemiluminescence  is  observed  during  the  solution  of  exposed 
desoxy  ribonucleinic  acid  /j%/,  protein  /5lt  140/  and  polymethyl  meth~ 
acrylate  /ZiJ . 

It  is  necessary  to  distinguish  other  forms  of  luminesoenoe  from 
ohemiluminescenoe  during  the  rocombination  of  "frozen"  radioals,  which 
occur  during  the  heating  of  exposed  samples,  for  instanoe,  the  re¬ 
combination  of  electrons  with  openings  /]%/ . 

11.  Luminescence  during  electrolysis 

In  electrochemical  reactions  the  primary  produots  of  oxidation 
and  roduotion,  as  a  rule,  ore  unstable  and  are  extremely  capable  of 
reacting.  Therefore,  a  portion  of  the  energy  given  off  in  reaotions 
between  the  active  produots  of  eleotrolysis  may  be  sufficient  for  ex- 
oitation  with  visible  luminescence.  Aotually,  weak  luminesoenoe  was 
observed  during  the  eleotrolysis  of  ethanol,  acetio  acid,  potassium 
acetate  /lO,  j/J,  salst  of  carbonic  acids,  a  number  of  organio  substan¬ 
ces  and  Grignard  reagents  /jS/ . 

The  authors  of  work  /j4/  conduoted  electrolysis  of  a  0.1  normal 
NaOH  solution  on  platinum  electrodes,  a  solution  to  whioh  had  been  added 

5  z  10"  mol/l  of  fluoresoene  or  eosin.  At  room  temperature,  a  potential 
of  10-30  v.,  and  a  direct  curront  of  several  milliamperes,  an  intense 
chemiluminescence  was  observed  at  the  anode.  The  application  of  eleo¬ 
trolysis  with  alternating  current  of  various  frequencies  made  it  pos¬ 
sible  to  discover  supplementary  ohemiluminescenoe  processes  and  to 
estimate  the  life  time  of  active  anodic  produots  (on  the  order  of  1  seo.). 

12.  Sonoluminescence 

It  is  well-known  that  cavitation(destruotion  of  compactness)  of 
some  liquids  acted  on  by  ultra-sonics  is  accompanied  by  a  weak  lumi¬ 
nescence.  The  radiation  meohanism  (so-called  sonoluminesoence)  has  not 
yet  been  established  oonolusively.  Along  with  theories  that  assume 
thermal  excitation  (under  compression)  or  eleotrioal  discharge,  indi¬ 
cations  exist  to  the  effoot  that  ohemiluminesoenoe,  which  ooours  in 
reactions  is  oaused  by  ultra-sonics  /lOO,  102/ . 
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IV.  APPLICATIONS  OP  CHEMILUMINESCENCE 


13.  Analytical  applications  of  reactions  with  Intense  lumlnesoenoe 

Already  in  an  earlier  stage  of  investigation  of  the  liquid-phase 
of  chomi luminescence  various  usos  of  tho  luminescence  of  luminol, 
lucygenine,  lophine,  eto.,  were  proposed. 

It  has  been  noted  above  that,  for  luminescing  luminol,  hydrogen 
peroxide  and  a  catalyzer  (for  instance,  copper)  were  neoessaxy.  In 
decreasing  the  concentration  of  any  of  the  indicated  substances  below 
p  definito  limit,  intensity  is  decreased  and  this  may  serve  as  a  basis 
for  the  quantitative  analysis  of  the  given  compound.  Besides  that,  it 
is  also  possible  to  define  those  compounds  which  regulate  with  luminol, 
with  1LCL  or  with  a  catalyzer.  In  partioular,  such  compounds  may  be 
determined  by  the  chemiluminescence  method  as  hydrogen  peroxide;  sodium' 
hypochlorite;  copper;  acetaldehyde;  glucose;  vitamin  C;  phenol;  pyro- 
catechin;  reoorcyl;  pyrogallol;  aniline;  nitroonilines;  methyl,  ethyl, 
and  propyl  alcohols;  and  so  on  /57a,  58/.  The  sensitivity  of  the 

method  to  H_0o  may  be  brought  to  10”^  mol/l  /ll87.  Sensitivity  with 

respect  to  metals  is  10  -10~° ,  whioh  exceeds  the  sensitivity  of  the 
radioactivation  method  /2,  The  development  of  alkaline  solutions 

of  luminol  with  gases  whioh  contain  the  CN  and  PF  groups  ( nerve-paraly¬ 
zing  toxic  compound),  cause  ohgrailuminesoenoe.  Intensity  depends  on 
their  concentration  linearly  [ySJ • 

Reinforcement  of  luminol  ohemiluminesoenoe  with  small  quantities 
of  hemin  was  proposed  for  use  in  criminology  for  unoovering  traces  of 
blood  at  the  scene  of  a  crime  /jjj 2 . 

Those  substances,  the  ohemiluminesoenoe  of  whioh  depends  markedly 
on  the  pH  of  the  medium^  serve  reliably  as  indicators  in  quantitative 
analysis  by  titration  /52,  51^1  • 

Thus,  any  empirically  established  influence  of  any  reagent  on 
intensity  or  the  luminous  whole  of  luminescence  may  be  the  basis  of  a 
quantitative  method  of  analysis  of  the  given  substance,  even  if  there 
aro  little  data  concerning  the  mechanism  of  ohemiluminesoenoe.  In  work 
02j  the  ohemilumineoconce  which  occurs  in  a  mixture  of  luminol  and 
alkali  was  used  as  a  method  of  solving  hydrodynamio  problems  oonoeming 
the  limit  of  a  liquid  jot  flowing  into  another  liquid. 

14.  Obtaining  kinetic  characteristics  of  oxidation  reactions 

In  tho  oxidation  of  hydrocarbons  exoited  states  appear  with 
the  recombination  of  radicals  and  the  intensity  of  luminesoenoe,  ao- 
oording  to  tho  law,  seems  to  be  oonneoted  with  a  kinetio  reaotion.  On 
this  basis  cbemiluminoscent  methods  were  developed  of  the  quantitative 
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measurement  of  the  characteristics  of  oxidation  reactions  *). 


Thus,  for  instance,  according  to  the  chemiluminescence  "oxygen 
drop"  (See  Article  5  and  Figure  7)  one  may  sucoeed  in  measuring  the 
absolute  speed  of  oxidation,  the  concentration  of  oxygen  in  a  liquid 

and  in  a  gas,  the  relationship  of  elementary  constants  and 

the  speed  of  initiation  /12-14,  18/.  From  measurements  of  the 

intensity  of  chemiluminescence  wore  obtained  relative  {\2j  and  absolute 
/46,  4J/  values  of  constants  which  characterize  the  aotivity  of  inhibi¬ 
tors,  and  also  new  data  on  the  decomposition  meohanism  of  ax 0-000  pounds 
/l3/  and  hydrogen  peroxide  [A2-A^J .  According  to  the  temperature  rate 
of  intensity  a  rapid  determination  of  the  energy  of  aotivation  /lO,  'Qj 
is  possible,  and  according  to  the  kinetio  ourve  —  the  obtaining  of 
absolute  oonstants  of  radioal  recombinations 


Figure  14.  Drop  in  ohemiluminesoence  intensity  (ourve)  and 
electron  paramagnetic  resonance  signals  (points)  in  the  period  following 
solution  of  exposed  polymethyl  me  theory  late  in  di-ohlor  ethane  /3j7» 

I  R 

Keyil.  -  ,  — g-  j  2.  t,  in  seo. 

max  o 

The  possibility  of  obtaining  valuable  quantitative  information 
shows  that  ohemiluminesoenoe  may  serve  as  an  effeotive  physioal  method 
of  investigating  the  kinetics  of  reactions • 

The  intensity  of  light  1b  the  value  measured  in  experiments. 


*)  These  methods  are  considered  in  detail  in  survey  /JjjSJT. 


Therofore,  the  chemical  part  of  the  installation  is  very  simple  and 
consists  of  a  thermostat  and  a  vossel  with  a  thermal  jacket.  Intensity 
is  constantly  and  automatically  recorded  by  standard  instruments.  With 
those  features  the  method  is  connected  with  high  productivity,  precision 
and  reliability  of  the  results  obtained.  Inoreased  precision  (1-2$) 
is  attained  in  those  methods  where  not  the  intensity  of  luminesoenoe  is 
measured,  but  the  time  from  the  beginning  of  the  reaction  to  a  particular 
point  on  the  kinetio  curve  of  intensity  (for  inatanoe,  "oxygen  drops"). 
Measurements  do  not  introduce  any  kind  of  changes  in  the  ohemioal  system. 
The  sonsitivity  of  chemiluminesoenoe  methods  may  be  inoreased  by  the 
introduction  of  activators. 

Chemiluminescence  methods  have  a  particular  value  for  researoh 
of  the  chemiluminescence  mechanism  itself.  During  chemiluminesoenoe 
radiation  (intensity,  spectrum,  and  their  ohange  in  time)  it  is  very 
important  to  carry  out  a  parallel  control  of  the  speed  of  reaetion  (i.e. 
speed  of  excitation).  This  is  conveniently  given  with  the  aid  of 
chemiluminesoenoe  methods,  because  in  this  regard,  the  neoessity  of 
conducting  individual  experiments  in  chemical  equipment  falls  away  and, 
consequently,  the  question  of  identical  experimental  conditions  does  not 
obtain. 


In  radical  reactions  chemiluminescence  is  connected  to  re¬ 
combinations  of  free  radicals.  It  is  interesting  to  compare  ohemi- 
luminosoence  methods  with  another  physioal  method  of  recording  free 
radical  conditions  —  electron  paramagnetio  resonance.  It  is  not 
difficult  to  see  that  these  methods  supplement  one  another.  A  high 
breakdown  rate  of  radicals  promotes  a  successful  application  of  ohemi- 
luminescenoe  methods,  i.e.  their  high  reaction  capacities.  A  high 
stationary  concentration  of  radicals  promotes  successful  application 
of  the  electron  paramagnetio  resonance  method,  i.e.  their  chemioal 
stability.  So  much  as  the  sensitivity  of  both  methods  is  inoreased 
so  will  the  situation  become  even  less  alternative,  and  their  simul¬ 
taneous  application,  it  is  necessary  to  suppose,  will  permit  obtaining 
interesting  results.  Work  /Z\J  in  vhiob  weak  luminesoenoe  was  dis¬ 
covered  in  the  solution  of  exposed  protein  and  polymethyl  methaorylate 
serves  as  the  first  example  of  this  type.  The  kinetics  of  the  drop  in 
intensity  coincided  with  the  kinetics  of  the  deorease  in  free  radioals 
measured  on  the  electron  paramagnetio  resonance  spectrometer  (Figure  14). 
Important  data  concerning  the  protective  action  of  inhibitors  on  a 
radiated  system  (model  for  investigating  radiation  sickness)  were  ob¬ 
tained  by  both  methods. 

15.  Study  of  the  properties  of  excitod  moleoules 

The  fate  of  exoited  molooules  need  not  depend  on  exoitation  ca¬ 
pability.  Besides,  eaoh  property  has  its  peculiarities  whioh  oan  make 
the  interpretation  of  results  difficult.  Therefore,  in  the  investigation 
of  exoitod  states  the  attraction  of  other  exoitation  methods  is  also 
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expedient.  If,  in  a  practical  reaction,  an  excitation  product  ia  identi¬ 
fied,  it  is  perniesive  in  that  case  to  speak  of  chemiluminescence  as  a 
method  of  obtaining  a  given  excited  particle  and  of  investigating  its 
properties. 

Chemical  exoitation  which  is  applicable  to  gaseous-phase  systems 
317  ia  widely  used.  Only  by  this  means  has  there  ever  been  suocess 
in  obtaining  speotra  of  physically  stable,  but  chemioally  unstable  par¬ 
ticles  (for  instance,  C2,  UCO,  CIO,  JF  and  so  on),  inasmuoh  as  they  may 

be  accumulated  in  noticeable  quantities  only  under  conditions  of  an  in¬ 
tensively  rapid  ohemical  reaction. 

This  method  has  never  been  employed  in  liquid-phase  reactions  up 
to  the  present  time.  Intermoleoular  transfer  of  energy  from  the  triplet 
level  of  ketones  formed  during  the  oxidation  of  hydrocarbons,  to  the 
singlet  (fluorescent)  level  of  activators  whioh  produce  anthraoine  is 
considered  in  the  nature  of  a  first  example  in  vorkB  /X%  16,  22/.  The 
fact  of  transfer  itself  was  indioated  spectrally  (See  Figure  8)  and, 
depending  on  the  intensity  of  motivated  ohemiluminesoenoe  to  the  con¬ 
centration  of  the  motivator  (See  equation  (11)),  relative  and  absolute 
constants  of  the  rate  of  transfer  of  energy  kpA  were  obtained. 

For  anthracine  and  alkyl-  and  phenyl-anthraoines  the  k^A  con¬ 
stants  do  not  exoeed  107  l/mol  seo.,  but  they  increase  on  the  order  of 
1-3  when  the  heavy  atoms  —  chlorine  and  bromine  are  introduced  into  the 

molecule.  Thus,  for  di-broo anthraoine  kpA?^10^  l/mol  seo.  whioh,  in 

all,  is  one-half  to  two  times  lower  than  the  nuber  of  collisions  cal¬ 
culated  according  to  diffusion  theory  formulas. 

The  transfer  of  energy  during  contact  of  the  eleotron  shells  of 
molecules  is  theoretically  considered  by  Dexter  (See  alBO 

From  the  region  of  overlap  an  excited  eleotron  of  the  donor  may  trans¬ 
fer  to  the  acceptor,  and  an  unexcited  eleotron  of  the  aooeptor  —  to  the 
donor.  The  probability  of  transfer  is  distinct  from  zero  only  in  that 
oase  where  the  multiplicity  of  excited  states  of  the  donor  and  of  the 
aooeptor  are  identical.  It  is  not  diffioult  to  see  that  this  rule  of 
selection  is  not  fulfilled  in  the  case  under  oonsiderati bn  because  the 
exoited  state  of  the  donor  is  triplet  and  the  aooeptor  is  singlet. 
Therefore,  the  energy  transfer  constant  kpA  is  small  (on  the  order  of 

107  l/mol  seo.)  in  the  oase  of  anthracine  and  its  alkyl-  and  phenyl 
produots. 

Introduction  into  the  acceptor  of  halogens  reinforoes  the  inter¬ 
action  of  the  electron  spin  and  orbital  magnetio  moments,  and  this  leads 
to  a  "mixture"  of  triplet  and  singlet  conditions.  Now  the  transfer  of 
energy  beoomes  oritioal  and,  in  a  greater  degree,  the  more  the  addition 
of  triplet  to  singlet.  The  kp  constant  grows.  For  quantitative 


40 


Figure  15.  The  influence  of  substitution  on  kpA  and  k^ 

constants.  The  oonstant  k,,  4  is  taken  from  experiments  on  the  oxidation 

of  cyclohexane  at  50°  in  benzole  /22/*  k^  —  from  work  /lC fjj , 

1,  Anthraoine  (A)  5  2.  9,  10-diphenyl-A;  3.  1-ohloivA;  4.  1»  5-4i- 

chlor-Aj  5.  9»  lO-dichlorvAj  6.  2,  9,  10-trichloj>-A|  7.  1,  5,  9,  10- 

tetrachlor-A;  8.  9-brora-A;  9.  9-broo-10-phenyl-A;  10.  9,  10— dibrom-A. 

Key«  a.  kpA,  in  liters/mol  seo.j  b.  kj,  in  sec-1. 

evaluation  of  spin-orbital  effects  an  approximation  is  often  sufficiently 
good  in  which  the  constants  of  a  spin-orbital  bond  of  isolated  atoms  are 
used  /112/  which,  in  a  well-known  sense,  are  equivalently  introduced  to 
a  crude  model  of  a  molooule  like  systems  in  which  individual  atoms 
independently  influence  an  exoited  electron.  The  contribution  of  eaoh 

atom  moy  bo  approximated  by  the  value  where  is  the  radial  part 

of  the  matrix  element  of  the  operator  in  a  spin-orbital  interaction  of 
on  isolated  atom  —  a  value  that  is  well-known  from  atomio  spectra. 

Uithin  the  framework  of  the  model  adopted  it  may  be  expeoted  that  the 

kpA  oonstant  is  proportional  to  the  sum  of  the  values  for  all  atoms 

that  enter  into  the  molooule  (the  greatest  contribution,  in  this  regard, 
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is  made  by  heavy  atoms,  because  C-  ■  £  *  28  om"*,  .  -  587  om“\ 

—1  ^  H  Cl 

tgy  *  2640  cm  ).  This  is  aotually  observed  by  experiment  (Figure  15) • 

It  is  necessary  that,  with  the  introduction  of  halogens  the  probability 
of  intra-aolecular  non-irradiatod  triplet-singlet  transfer  k^  [\0 also 

increases,  whereas  at  the  same  stage  the  constant  of  intermoleeular 
transfer  increases  somewhat.  This  is  explained  by  the  foot  that  simul¬ 
taneously  with  the  appearance  of  an  addition  of  a  triplet  charaoter  to 
the  singlet  state  there  is  approximately  the  same  addition  of  the  singlet 
character  to  the  triplet  state  and  interooabination  prohibition  is 
weakened  for  both  transfers. 

Thus,  in  the  oase  under  consideration,  a  modified  form  of  triplet- 
triplet  energy  transfer  takes  plaoe,  first  observed  by  A.  N.  Terenin 
and  V.  L.  Yermolayev  £00/  in  solid  solutions.  In  liquids  the  triplet- 
triplet  transfer  is  realized  with  constants  equal  to  the  diffusers  /p2, 
129,  13^7,  which  agrees  with  quantitative  lavs  of  activated  ohemilumlne— 
soenoe. 


The  example  shown  indioates  the  prospoots  for  using  chemilumi¬ 
nescence  of  reactions  with  a  radiation  mechanism  for  radiating  exoited 
states. 


The  ohomiluminesoenoe  method  possesses  the  following  advantages 1 
1}  excitation  is  the  same  with  respeot  to  volume;  2)  a  background  for 
the  source  of  excitation  exists  and  it  is  possible  to  regulate  radia¬ 
tion  with  very  low  yields;  3 )  the  actual  portions  of  energy  are  not 
large  (2-4  ev.);  4)  the  absorption  capability  of  other  components  play 
no  role  and  do  not  hinder  exoitation;  5)  well-luminesced  components  ore 
not  exoited  (they  may  be  excited  only  due  to  the  transfer  of  energy); 

6)  excitation  ooours  by  a  "shaded"  method;  therefore  the  usual  rules  for 
the  selection  and  the  possibility  of  effective  population  of  "prohibited" 
levels.  In  particular,  during  photoexoitatlon  it  would  have  been  very 
difficult,  if  generally  possible,  to  investigate  the  transfer  of  energy 
from  a  poorly-luminesced  donor  (ketone)  to  a  well-luminesced  activator; 
in  this  regard,  certainly,  not  only  would  the  ketone  be  exoited,  but 
also  the  anthraoine  inasmuch  as  they  absorb  in  one  and  the  same  region 
of  the  spectrum.  In  the  oase  of  activated  ohemlluminesoence,  the  ax- 
oitod  states  were  oaused  by  the  ohemioal,  shaded  method  and  well- 
luminesced  components  may  be  excited  only  as  a  result  of  a  transfer  of 
energy  vhioh  has  also  been  studies  in  work  f^2j . 

An  obvious  disadvantage  of  the  method  is  that  it  is  specifio  — 
not  every  com  pound  oan  be  synthesized  by  far,  which  was  obtained  in  the 
exoited  state  in  the  synthesis  reaotion.  Other  features  of  the  method 
that  may  be  disoussed  of  an  undesirable  type  are  the  necessity  for  the 
presenoe  of  definite  reagents  and  low  luminescence  intensity. 
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V.  CONCLUSION 


Already  the  material  presented  above  indicates  that  reoearoh  on 
chomiluninescence  now  consists  of  a  sufficiently  broad,  interesting  and 
rapidly  developing  field  of  scionce  at  the  junotion  of  physics  and  chem- 
istry.  The  phenomenon  of  chemiluminescence  is  characterized  by  a  series 
of  general  laws  whioh  govern  any  reaction  (See  Article  1).  On  the  other 
hand,  chemiluminescence  is  a  very  speoifio  phenomenon  and  the  conversion 
of  chemical  energy  into  light  energy  may  go  by  different  paths  in  dif¬ 
ferent  reactions,  iloreover,  in  one  and  the  same  reaction  not  only  one 
product  may  be  excited,  but  several  products  may  radiate  identically, 
whether  in  different  spectral  regions.  The  nature  of  the  exoitation 
reaction  itself  may  be  different  in  different  chemical  systems. 

These  circumstances  are  not  always  taken  into  aooount  in  works 
on  chemiluminescence.  Some  authors,  for  instance,  develop  representa¬ 
tions  concerning  tho  radical  character  of  chemiluminescenoe  reactions 
/El,  1547.  Moreover,  thoy  propose  to  consider  the  existence  of  lumi- 
ncsoonce  as  a  demonstration  of  participation  of  radicals  in  a  reaction 
/El,  13C 7,  whereas  they  persist  even  by  the  fact  that  ohemiluminesoenoe 
in  the  short-wave  (blue  and  shorter)  region  may  be  the  result  only  of 
reactions  with  the  participation  of  two  free  radioals  /EjJ .  Aotually, 
effeotive  conversion  of  ohemioal  energy  into  radiation  is  more  probable 
and  should  be  encountered  more  often  in  the  recombination  of  radioals. 
Just  the  same,  it  would  have  been  incorrect  to  deny  the  possibility  of 
excitation  in  other  reactions  as  well,  reactions  distinot  Aram  recombi¬ 
nation.  For  instanoe,  bright  flares  were  observed  during  the  intro¬ 
duction  of  molecular  fluorine  in  a  stream  of  Ho  or  CH.  /$£/ .  In  these 
reactions  there  are  elementaxy  events  4 

T  +  Fg  — HF  +  F  +  100  large  calories/mol. 

CHj  +  Fg  — »—  CHjF  +  F  +  70  large  oalories/mol. 

They  aro  sufficiently  exothermic,  but  they  include  one  free  radical  in 
the  form  of  an  original  reagent. 

From  our  point  of  view,  there  exist  only  two  conditions  necessary 
for  ohomi luminescence  phenomenon) 

a)  tho  reaction  must  be  sufficiently  exothermio  (the  law  of  con¬ 
servation  of  enorgy)j 

b)  the  product  must  have  a  suitable  energy  level,  the  radiation 
from  which  occurs  with  sufficient  probability. 

The  oarrier  of  oxoitation  in  solutions  is  the  eleotron  state, 
inasmuch  as  in  a  liquid  wave  exoitation  is  rapidly  lost.  The  structure 
of  the  spootrum  is  determined  by  the  luminesoent  properties  of  the  ex¬ 
cited  state,  and  is  not  a  part  of  the  energy  given  off  (  the  latter, 
it  stands  to  reason,  must  correspond  to  the  emitted  quantum  of  light). 
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In  those  coses  whore  the  products  of  exothormio  reaction  hove  a 
triplet  level, its  excitation  undoubtedly  favors  the  foot  that  for  a 
majority  of  molecules  it  is  disposed  lower  and  requires  less  energy  than 
the  exoited  singlet  level*  The  question  of  the  multiplicity  of  the 
excited  particle  somotiaes  may  be  veil-defined  decided  on  the  basis  of 
the  rule  of  the  preservation  of  the  system's  total  spin  (Signer's  rule)* 
However,  in  using  Winner's  rule,  it  is  necessary  to  keep  in  mind  that 
it  is  applioable  to  an  elementary  event  and  not  to  the  Brutto- react ion. 


For  instance,  if  a  reaction  between  saturated  molecules  A  and  B 
goes  in  one  elementary  event,  then  both  products  K  and  M  must  be  obtained 
either  in  the  singlet  or  in  the  triplet  state  (combinations  X  and  II) t 


A  (♦♦)  +  6(H) 

I 

i 

i 

t 

MO  +  MO 


^  K(U)  +  M(H), 
//^  K(H)  +  M(H), 
K  WO  +  M(«). 


(I) 

UI) 

(I) 

(IV) 


If  the  reaction  flows  by  the  radical  path,  then  other  combinations 
(ill  and  IV)  are  possible.  In  view  of  what  has  been  discussed,  yields 
during  the  oxidation  of  luminol  and  axalyl  chloride  $1/,  with 

respect  to  the  triplet  nature  of  the  exoited  state,  are  represented  as 
being  premature. 

The  reaction  may  go  with  the  breaking  of  Wigner's  rule,  inasmuoh 
as  it  is  not  very  strict.  In  this  case  the  exoitation  process  must  have 
a  low  probability  (low  yield).  And  conversely t  if,  by  experiment,  a 
high  chemiluminescence  yield  is  obtained,  it  is  difficult  to  expect  that 
the  elementary  aot  of  exoitation  goes  with  a  change  in  multiplicity. 

This  is  why,  during  reasearoh  of  the  chemiluminescence  mechanism,  it 
is  important  to  measure  the  luminesoenoe  yield  correctly.  In  this  con¬ 
nection  the  following  should  be  emphasized. 

1.  In  determining  ohemiluminesoenoe  yield  the  intensity  of 
luminesoenoe  is  necessary  not  only  with  reference  to  the  speed  of  the 
Brutto-re action,  but  to  the  speed  of  formation  of  that  produot  which 
serves  as  an  emitter. 

2.  The  ohemiluminesoenoe  prooess  flows  in  two  stages,  and  cor¬ 
respondingly,  the  overall  luminesoenoe  yield  depends  on  the  exoitation 

yield  71  ^xoit0d  and  radiation  yield  tlp.  These  values  have  a  completely 

different  physical  moaning  and  variously  depend  on  the  structure  of  a 
molecule,  medium,  conditions  of  the  experiment,  and  so  forth. 

A  major-ty  of  ohemiluminesoenoe  reactions  are  essentially 
oxidation  reactions.  Connected  with  this,  probably,  is  the  faot  that 
the  produota  of  oxidation  reactions  (ketones,  aldehydes,  and  On)  have 
lowly  disposed  levels  of  energy  whioh  may  comparatively  effectively 
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populate  a  reaction  (i.o.  the  yield  of  ?2^xoited  is  comparatively  great)} 

besides  that,  oxygen-bearing  compounds  luminesoe  relatively  well  in  the 
visiblo  region  of  the  spectrum  (i.e.  the  yield  of  Itp  is  comparatively 
great). 

Institute  of  Physical  Chemistry 
Academy  of  Scionoes  of  the  USSR 
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